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Abstract  
A microwave medical imaging system processes scattered electromagnetic fields in the 
microwave region to create images. It is an alternative or complementary imaging tool that 
can be used in medical applications to assist the diagnosis of disease inside the human 
body. For example, microwave imaging offers many desirable characteristics as a cancer 
evaluation tool. It is a non-ionising radiation and during measurement, compression of the 
scanned body part is avoided. These benefits potentially lead to safer and more 
comfortable examinations. It also has the potential to be both sensitive and specific to 
detect small tumors, whilst being much lower cost than current methods, such as magnetic 
resonant imaging, positron emission tomography and ultrasound. However, it should be 
noted that all current imaging modalities have a relatively high incidence of false positive 
and false negative results. Moreover, microwave medical imaging designs can be made 
portable, so real time results for applications such as brain stroke detection is feasible.  
This thesis proposes several microwave medical imaging systems based on ultra-
wideband technology and in doing so makes five contributions to the field of microwave 
imaging systems. The first contribution is the development of a UWB slotted Vivaldi 
antenna that operates as the transducer for imaging systems. The antenna is compact 
structure to overcome the shortcoming of conventional Vivaldi tapered-slot antennas. The 
antennas have a stable main-beam direction and high dynamic range. They are designed 
to work efficiently in a coupling medium. The designed antennas provide high sensitivity 
and excellent time-domain characteristics to enhance the capability of the proposed 
imaging systems. 
The second contribution of the thesis is the development of coupling medium and artificial 
phantoms that emulate the electrical properties of realistic tissue in order to test and 
assess the proposed microwave imaging systems before application to human subject. 
Two types of coupling medium are described. A breast phantom and a head phantom are 
designed and fabricated. The materials of the fabricated phantoms mimic the 
electromagnetic features of realistic human tissues. The electrical characteristics of all the 
fabricated materials show excellent matching when compared with the available data on 
real human tissue. 
The third contribution of the thesis is the design of a microwave medical imaging system 
for breast cancer detection. A planar scanning system is developed. The laboratory 
assessment of a two-dimensional and three-dimensional imaged breast phantom is 
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explained. An experimental study of the breast cancer detection employing a fabricated 
semi-rectangular shaped phantom is conducted. An image reconstruction algorithm is 
developed to generate the images of the breast phantom using the measurement data. 
The results show the ability of the designed microwave imaging system to detect and 
localise tumors at different locations of the breast phantom. 
The fourth contribution of the thesis is the design of a microwave medical imaging system 
for brain stroke detection. In this case, a circular scanning system is developed. The 
laboratory assessment in a two-dimensional case of the imaged head phantom is 
explained. An experimental study is conducted using the head phantom. An imaging 
algorithm is developed for brain stroke detection and localisation. The effect of noise on 
the reconstructed head images is also explained. In addition, a stroke classification is 
investigated. The imaging system provides confident results enabling the system to be 
developed in the future as portable diagnostic tool for use in any clinic to detect brain 
strokes.  
The fifth contribution of the thesis is the use of the optical link in the design of the 
microwave imaging systems to overcome the losses in the coaxial cables. A simple optical 
link is designed to transfer the microwave signal to the antenna array of the head imaging 
system. A calculation of the parameters that are used to evaluate the characteristics of the 
link is presented and a comparison is made between the characteristics of the coaxial and 
optic links. The initial results show the possibility of designing an analog over fibre link to 
transfer the signal to the antenna and receive the backscattered data with much lower 
signal loss and at low cost. This makes an important improvement to the type of 
transmission line that can be used to transmit and receive the data of the microwave 
imaging system.   
Overall, thesis contributions to the development a couple of microwave medical imaging 
systems, which have to be used by medical professionals as an alternative low cost 
portable diagnosis technique. Both developed and developing contain will be benefited the 
thesis outcome.  
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Chapter 1 Introduction 
The background to this research and the motivation for using microwave imaging systems 
for medical applications are presented in this chapter. The aims and significance of the 
research undertaken in this thesis are also outlined. 
1.1 Background and Motivation 
Over the last century, medical imaging technology has undergone a revolutionary 
transformation by producing valuable pictures that show the inside of the human body. 
Imaging technology is widely used by medical practitioners in clinics to diagnose or guide 
the treatment of different kinds of diseases. A large number of images have been 
produced by different imaging methods, such as x-ray screening, computed tomography 
(CT) scans, magnetic resonant imaging (MRI) scanning, positron emission tomography 
(PET) and ultrasound imaging, which are used to identify disease or injury inside the 
human body. However, researchers continue to look for more accurate, safe, reliable, 
portable and cost-effective imaging systems.  
One of the serious diseases that need to be identified in early stages is breast cancer; it is 
considered the second most common cause of death for women in Australia. In 2007, 
there were 2,680 deaths among women from breast cancer. The average age of breast 
cancer diagnose in women is considered to be 60 years; however, in 2008, the proportion 
of diagnoses for women younger than 50 years was 24%, the proportion for women aged 
50-69 years was 51%, and the proportion for women aged 70 years and over was 25% [1]. 
X-ray mammography is the primitive method currently used to image the breast. Although 
many lives have been saved using this technology, this technique still produces a relatively 
high number of false negative diagnoses (between 10% and 30%) and false positive 
diagnoses (more than 5%), resulting in an unnecessary 20% biopsy yield [2]. Other 
modalities can be used as a complementary technique, but these are either expensive 
(such as MRI) or operator-dependent (such as ultrasound).  
Brain stroke is the third most common cause of death in Australia. In 2009, an estimated 
381,400 Australians (1.8% of the total population) reported that they had suffered a stroke. 
Older people were more likely to have suffered a stroke, with 264,900 of the people 
reporting having suffered a stroke (69%) being aged 65 years or older. Males were also 
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more likely to have reported having had a stroke, with 209,300 of the people reported 
suffered a stroke (55%) being male [3].  
A stroke occurs when the blood supply to the brain is cut off. If the brain does not get 
enough blood to provide the oxygen and nutrients it needs, the brain will become damaged 
or die. There are two main catergories of strokes: the ischaemic stroke and the 
haemorrhagic stroke. Both types have the same symptoms, however, the treatment is 
significantly different. In particular, the clinical decision to use a thrombolytic must be made 
within three hours of the onset of symptoms [4].The clinical decision depends on the 
results obtained from the use of an imaging device such as the CT or MRI device. These 
two methods offer useful information to identify the location and type of stroke, and each 
method has its own advantages [5]. However, they do not offer a rapid, cost-effective 
system solution and they aren’t available in all hospitals.  
Recent efforts indicate the possibility of using microwave imaging technology for 
biomedical imaging applications. It is an active wave-based non-invasive imaging method. 
Microwave signals are a non-ionising form of electromagnetic (EM) waves and are able to 
penetrate human tissues without creating health hazards. In addition, constructing a 
microwave system is inexpensive and the system can be more portable compared with 
other imaging techniques. The microwave imaging technique is similar to the ground 
penetrating radar technique that illuminates the human body with an ultra-wideband 
(UWB) pulse from an antenna or an antenna array and collects the backscattered signals. 
In the design of microwave imaging systems, it is important to take into account the 
physical compatibility with the human body examination. This may require the design of a 
complete system consisting of suitable sensing elements and the development of target 
detection. Microwave radiation can be used to penetrate the human body and retrieve 
structural and functional information of the tissues via the scattered signals. The dielectric 
properties of the human tissues (permittivity and conductivity) are the physical quantities 
being imaged in microwave medical imaging. In microwave tomography for the breast, by 
contrast, the complete dielectric property profile is reconstructed in order to locate and 
identify strong scattering sites, which arise from the significant dielectric contrast between 
normal and abnormal tissues. 
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1.2 Challenges of Microwave Imaging System Design 
Over the past 2 decades, many microwave imaging systems have been designed for 
biomedical applications, and particularly for breast cancer imaging. However, designing a 
clinical imaging system that employs microwave to image the human tissues is a 
challenging task for a number of reasons: 
1. Most of the theory used to design antennas assumes that these antennas are working 
in free space, while for a high-resolution microwave imaging system; the antennas have 
to be designed to work efficiently in a coupling medium that has dielectric properties 
close to the chosen tissues or to be in contact with these tissues. This is necessary to 
avoid the mismatched results from the air–body interface which causes significant 
reflections, making imaging inside the tissues very difficult. 
2. The antenna elements of the array have to be compact in size and offer high 
performance in order to fit the requirements of the specific applications. Employing 
higher frequencies can help to obtain small size antennas; however, this will decrease 
the penetration of the electromagnetic field inside the biological tissues.     
3. Human tissues are heterogeneous and dispersive at microwave frequencies, resulting 
in complex field distributions inside these tissues. Some parts of human body, such as 
the head, are composed of many tissues that have significant differences in their 
dielectric properties, and thus, there are multiple scattering objects that appear as 
clutters and must be compensated in the imaging algorithm. In addition, the signals are 
highly attenuated due to the lossy tissues such as the normal breast tissues and the 
cerebral spinal fluid surrounding the brain at microwave frequencies. This loss requires 
a trade-off between spatial resolution and penetration depth. 
4. Increasing the number of antennas in the microwave imaging array results in obtaining 
an image that can closely resemble the imaged object. However, this will increase the 
mutual coupling between the array elements. Mutual coupling refers to alterations of the 
propagation field and impedance characteristics of the transmitting antenna due to the 
presence of other antennas in the array. 
5. In addition to all these challenges, the data acquisition and processing techniques that 
are used to generate the images have a high impact on the resolution of the images 
regarding the localisation and size of the target inside the object to be imaged. In 
addition, it impacts on the time needed to process the data and generate the images.  
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1.3 Aim of the Thesis 
The aim of this research project is to design and build integrated microwave imaging 
systems in the laboratory for medical applications. The first step to achieve the aim of this 
research is to develop directive and compact size UWB antennas and realistic phantoms 
(breast and head phantoms) from common and low-cost materials, and a scanning 
platform that enables experiments to image these phantoms to be performed. That 
system, alongside the proposed imaging algorithm, forms a complete diagnostic tool for 
breast cancer and brain stroke detection. In addition, a suitable data acquisition and signal 
processing procedure to re-assemble the images is proposed.  
 
1.4 Original Contribution 
The work undertaken to achieve the aim of this thesis results in the following original 
contributions: 
1. The development of antennas that have high performance to meet the requirements 
of the proposed imaging systems is presented. Tapered slot antennas that can 
provide reasonable performance are used to form the imaging systems.  
2. The coupling medium and artificial phantoms that can mimic the real tissues in the 
breast and head are designed and fabricated. This includes: 
a. An investigation of the dielectric properties of various cost-effective materials 
that can be used in the development and fabrication of the coupling medium 
and artificial phantoms for the proposed imaging systems. 
b. The fabrication of suitable coupling mediums that can be used in the 
proposed breast and head imaging systems. 
c. The fabrication of a semi-rectangular heterogeneous breast phantom to be 
used in the developed scanning system for the breast; and furthermore, the 
fabrication of a realistic head phantom that can be used in the developed 
head scanning system. 
3. A scanning system for medical application is developed. This includes: 
a. The design, development and fabrication of a planar scanning system to be 
immersed in a coupling medium for the breast cancer detection. An image 
algorithm to be used to form the images of the designed systems is 
developed.  
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b. The design, development and fabrication of a circular scanning system to be 
used to image the human head. The development of an imaging algorithm to 
construct the images of the developed head phantom is also reported. 
4. An optical link to transfer the microwave signal to the antenna instead of the coaxial 
cable is designed in order to overcome the high loss in the coaxial cable. This 
includes a mathematical calculation to find the characteristics of the link and 
compare it with the coaxial link. The simple design of an analog over fibre link is 
reported as an initial study. 
 
1.5 Thesis Organisation 
The work undertaken in this thesis is organised as follows:  
1. Chapter 1 provided a brief summary of the research background, including the 
challenges that motivate the research, the aims of the thesis and the original 
contributions. 
2. Chapter 2 provides a review of the literature related to the work in the thesis. The 
imaging techniques that are currently used for medical applications are introduced and 
their limitations are discussed. The basis of microwave imaging techniques and the 
classification of different microwave imaging approaches are reported. The history of 
the development of microwave imaging techniques is explained. 
3. Chapter 3 presents the design and development of antennas that can be used to form 
microwave imaging systems for medical applications.  
4. Chapter 4 discusses the development and fabrication of the coupling medium and the 
artificial phantoms for the microwave imaging system applications. It includes an 
investigation of the dielectric properties of some potential materials that can be used to 
develop the coupling medium and artificial phantoms. The development and fabrication 
of the artificial phantoms are also discussed in detail in this chapter. 
5. Chapter 5 presents the development of an integrated imaging system employing UWB 
microwave signals to image the breast. The system includes the breast phantom to be 
imaged and an antenna array both to be immersed in a coupling medium, a vector 
network analyser (VNA) as a microwave source and a switching system. The image 
reconstruction algorithm for the 2-D and 3-D imaging system using a confocal imaging 
system is explained.  
6. In Chapter 6, the development of an integrated imaging system employing wideband 
microwave signals to image the head is presented. The system includes the realistic 
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head phantom to be imaged and an antenna array, a VNA as a microwave source and a 
switching system. A novel-image reconstruction algorithm is developed for the 2-D 
images. In addition, the effect of noise on the image quality in the microwave head 
imaging system is investigated.   
7. Chapter 7 explains the mathematical calculation of the parameters that decide the 
characteristics of the optical link and the use of the parameters to design an analog 
fibre-optic link to overcome the high loss in the coaxial cable. A link is also built and 
tested experimentally in order to verify the use of this link in the developed microwave 
imaging system. Images are generated using the collected data from both the optic and 
coaxial links and a comparison between the images generated from both links is 
reported.  
8. Chapter 8 provides a brief conclusion of the presented works and suggests promising 
directions for future work.  
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Chapter 2 Literature Review 
2.1 Introduction 
This chapter reviews the literature on the current imaging techniques for biomedical 
applications and their limitations in this field. In addition, this chapter illustrates the 
motivation for using microwave imaging as a new imaging modality. The basic principles of 
the microwave imaging technique and its advantages are also explained. The history of 
the development of microwave imaging technology and the challenges of existing 
microwave imaging systems are discussed.  
2.2 Current Medical Imaging Techniques and Limitations 
Medical imaging refers to any procedure of producing images that show the inside of the 
human body. The resultant images can be used to diagnose and treat patients with serious 
medical conditions, such as breast cancer and brain strokes. There are many different 
types of imaging techniques, such as x-ray screening, CT scans, MRI scanning and 
ultrasound imaging that are currently used in clinics and hospitals. These imaging 
technologies can provide the physicist with clear pictures of what is occurring in a patient’s 
body. In some cases, the images help patients avoid unnecessary surgery. However, each 
of these tools has its own merits and drawbacks when applied to the two medical 
conditions investigated in this thesis, namely, breast cancer and brain strokes. 
X-ray mammography is the most common examination tool used by doctors for diagnosing 
different kinds of disease and injuries. It has the advantages of good sensitivity, high-
quality resolution and a short time required for image creation. However, it has many 
limitations for some patients such as breast cancer patients. These limitations include 
difficulties in the detection of tumors in patients with dense breast tissues due to the 
reduced contrast between normal and tumor tissues, the physical appearance of the 
patient’s breasts, and exposure to ionising radiation [2, 6, 7]. 
Another common examination technique is ultrasound imaging; it uses non-harmful 
acoustic/sound waves with a frequency range of 1 MHz to 15 MHz to determine whether 
the area under consideration consists of normal or abnormal tissue. This technique is a 
very safe screening tool and is useful as it is able to detect a simple non-cancerous cyst 
with high accuracy. However, the system’s performance is operator-dependent and false 
positive or false negative results are common [8]. 
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CT scanning is a diagnostic tool that uses special x-ray equipment to obtain cross-
sectional images of the human body. CT computer scans can be obtained from any part of 
the body. For breast cancer, it is used to detect or confirm the presence of a tumor, 
provide information about the tumor size and location and confirm whether or not the 
cancerous cells have separated. CT scan is considered one of the primary tests to be 
done to evaluate brain stroke, especially when treating patients with acute ischaemic 
stroke in the emergency room. As for its advantages, this type of examination is able to 
show areas of abnormalities in the brain, and identify if these areas are caused by 
insufficient blood flow (ischaemic stroke), a ruptured blood vessel (haemorrhage), or 
another kind of problem. CT scans also do not cause any pain; however, the amount of 
radiation a patient receives during a CT scan can be higher than the amount received from 
a regular x-ray [9]. 
MRI is a non-ionising imaging technique to produce medical images using a magnetic field 
with radio waves. It has the ability to distinguish between a soft tissue and a brittle tissue. 
For a breast examination, MRI scanning has shown the ability to detect small breast 
cancerous tissues that x-ray mammography may not show. MRI can also produce a 
valuable image of dense breast tissue that other techniques do not show [10]. 
For brain imaging, MRI is a very useful tool that can provide more details than the CT 
scan, especially in the emergency department when there is a need to distinguish between 
the ischaemic and haemorrhagic strokes and provide the patient with the correct 
treatment. Its advantages make MRI the best imaging technique to provide doctors with 
clearer images to make the right decision. However, it has drawbacks such as being 
extremely expensive, immobile and fixed, and time-consuming [11].  
In summary, the major problems with existing methods involve safety, cost and accuracy. 
Microwave-based imaging has the potential to provide a low-cost and safe system with 
reasonable accuracy. The reason for this is that tumors, blood clots and bleeds provide a 
large dielectric contrast at microwave frequencies. This, in turn, causes a strong 
backscattered signal that can be detected by the microwave imaging system. In addition to 
the limitations in the available biomedical imaging systems, it is extremely important to 
have a portable system that can be used in clinics and even in ambulances especially in 
brain stroke cases to distinguish between the different kinds of brain strokes and provide 
patients with the correct treatment. 
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2.3 Microwave Imaging Systems 
The physical basis of microwave imaging techniques is the considerable dielectric contrast 
in the microwave frequency region between the various tissues of the human body and the 
surrounds in the microwave frequency region [12, 13]. It can be an alternative or 
complementary imaging tool to assist imaging of the human body. The recent interest in 
microwave imaging for cancer detection has been driven by the improving performance 
and wide availability of low-cost microwave systems. They offer many desirable 
characteristics including a wide range of frequencies, the capability to focus energy and a 
range of simulation options. 
Microwave imaging can be classified into three main approaches used for several years 
already, namely, passive, hybrid and active methods. To achieve a suitable microwave 
system and especially for breast cancer detection, many researchers have investigated 
these approaches. The operation principle of passive microwave imaging depends on 
measuring the temperature differences between the tumor and normal breast. The tumor 
absorbs energy and converts it to heat more than normal tissue [14, 15]. In hybrid 
microwave imaging, microwave signals are used to illuminate the breast tissues. The 
abnormal tissue has higher conductivity than the normal tissue, which results in absorbing 
energy and expanding more than normal tissues. This expansion generates pressure 
waves and these waves are then detected by an ultrasound transducer [14]. In active 
microwave imaging, an antenna or antenna array is used to transmit a low-power 
microwave signal pulse to penetrate human tissue from different locations and record the 
backscattered response. A suitable signal processing technique is then applied to obtain a 
2-D or 3-D image of the tissue. Two approaches employing microwaves are used with 
respect to detecting cancerous tissues: microwave tomography and UWB radar-based 
imaging [16, 17]. These approaches have been used in many applications, such as breast 
tissues, muscles, human blood and the brain, and have achieved promising results. 
The microwave tomography method determines the dielectric profile (permittivity and 
conductivity) of the breast tissues using measurement data collected from the antennas 
surrounding the breast [18]. In this method, a forward and reverse electromagnetic field 
problem is solved to detect and locate cancerous tissues in the breast. A forward problem 
is solved assuming a known distribution of complex dielectric constant values of the 
imaged object. The calculated quantities of the electrical parameters are then compared 
with the measured data. This process is repeated after changing the electrical parameters 
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to a new value using an optimisation algorithm and updating the comparison with the 
measured data. The procedure stops when a certain low error between the measured and 
calculated parameters is achieved.  
The UWB radar technique of microwave imaging uses an antenna or antenna array to 
transmit and receive a short pulse from different locations. The time delay between the 
transmitted and scattered signals and the amplitude of the scattered signals contain 
information about the position and size of the target. A region with increased 
backscattering is known as an area with abnormal tissues or a tumor. Different imaging 
algorithms have been applied by different research groups for UWB radar systems such as 
microwave imaging via space-time beamforming, tissue sensing adaptive radar, and the 
confocal or delay-and-sum imaging algorithm. The last approach is the most common 
algorithm applied for the UWB radar technique [19-21]. 
Compared to microwave tomography, the UWB radar technique has the ability to detect 
and localise the presence of the tissue with high scattered signals instead of 
reconstructing the dielectric properties of the tissues as in mammography. Therefore, this 
technique is considered to be less computationally complex than microwave tomography.   
 
2.4 Developmental History of the Microwave Imaging Systems 
Larsen and Jacobi performed the initial work in the area of microwave imaging for 
biomedical applications in the late 1990s. They developed a system to image the internal 
structure of a canine kidney using a developed antenna which was immersed in water [22]. 
Since then, there has been a wide variety of medical applications of microwave imaging 
reported in the literature, ranging from paediatric transcranial brain imaging to the 
detection of ischaemic heart disease and cancer in the lungs. The most important 
development over the past 10 years is breast cancer detection and a recent interest has 
been shown in the detection of brain abnormalities. 
In recent years, a number of experimental systems for microwave breast imaging have 
been developed. In 2000, an array of antennas encircling the breast was used to detect a 
spherical tumor [23]. For this kind of application, resistively loaded dipole antennas are 
used to form the array. This type of antenna is chosen for its small size and low cost with 
reasonable bandwidth. However, this model of antenna has low efficiency and directivity. 
In this system, both the array and the breast are immersed in two different matching 
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medium, one with dielectric properties close to breast tissue and one with properties close 
to that of the skin. The experiments resulted in successful detection for both couplings; 
however, the second matching medium showed an increased sensitivity to the presence of 
a tumor. Figure 2.1 shows the set-up of the antenna array when immersed in both coupling 
medium  [23]. 
 
 
Figure 2.1: System configurations when the antenna array is immersed in coupling 
medium [23] 
 
In 2002, an investigation on using a confocal microwave imaging system for breast tumor 
detection was conducted [24]. In that investigation, a hemispherical realistic breast model 
was created in the simulation from an MRI scan and this model included a more glandular 
structure, nipple, skin, tumor and chest wall in addition to the normal breast tissues for the 
rest of the structure, as shown in Figure 2.2. The detection was performed by employing 
the contrast in the dielectric properties of normal and malignant breast tissue. It used a 
cylindrical array formed from the loaded dipole and coupling medium with dielectric 
properties close to the normal breast tissue. The investigation demonstrated the feasibility 
of detecting and localising small tumors. The algorithm of the image formation was also 
presented and was shown to require limited a priori information [24].  
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(a) 
 
 
(b) 
Figure 2.2: Hemispherical breast model(a) Interior of the breast model, (b) Orientations of 
the chest wall and the antenna location of the cylindrical array [24] 
 
In 2003, Hagness et al. [25] suggested a method of microwave imaging via space-time 
beamforming for breast cancer detection. A planar antenna array employing UWB horn 
antennas was used to transmit microwave signals into the breast phantom and to receive 
signals from several antenna locations. The planar antenna array was placed near the 
surface of the naturally flattened breast as if the patient was lying in a supine position. The 
experimental set-up is shown in Figure 2.3. The 2-D array was placed above a breast 
phantom. A container filled with soy oil as an inexpensive and non-toxic simulant was used 
as normal breast tissue and covered by a thin layer of skin simulant to represent the skin 
tissue. The malignant tissue was represented by a diacetin-water solution inserted in a 
small cylindrical container. The beamforming process involves time shifting the received 
signals to align the returns from a particular location and passing the aligned signals 
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through the bank of the frequency beamformer. The beamformer outputs are then totalled, 
time-gated and the energy is calculated to obtain a 3-D image of the output signals at the 
particular location. One limitation of the experiment conducted by Hagness et al. is that a 
simple phantom was used [25]. 
 
 
Figure 2.3: Experimental set-up of a planar microwave imaging system [25] 
 
In 2006, researchers at the University of Bristol designed a hemi-spherical conformal array 
of 4 x 4 antenna elements. The antenna elements used in the array worked from 4-10 GHz 
giving a close match to a human breast. This system was designed for a clinical 
environment. It was proposed that the patient be in a prone position, which was felt to offer 
the best chance of the breast forming a gentle and uniformly curved shape. Figure 2.4 
shows this experimental set-up. For the experiment, a realistic curved breast phantom was 
developed which consisted of a skin phantom filled with a medium equivalent to breast fat 
tissues. The same medium was also used as a coupling medium to fill the space between 
the array and the breast. Figure 2.5 shows the phantom-based experimental set-up. 
Reasonable images were generated from this imaging system. However, the researchers 
noted that improving the bandwidth of the array element may improve the quality of the 
images [26, 27]. 
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Figure 2.4: University of Bristol’s conformal array experimental set-up [26, 27] 
 
 
Figure 2.5: University of Bristol’s phantom-based experimental set-up [26] 
 
Also in 2006, a mechanical scanning platform was designed at the University of 
Queensland to investigate the planar and cylindrical configurations of the microwave 
imaging system. The designed imaging system consisted of a probe antenna to transmit 
the signal and receive the scattered signal from the imaged object and a breast phantom. 
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The breast model used in the experiments was a cylindrical container filled with a liquid of 
low dielectric materials to represent normal breast tissue and a small highly reflective 
object to represent a tumor in the phantom. Different types of calibrations were used to 
obtain a successful detection of the target. Figure 2.6 shows the configuration of the 
imaging system [28]. 
 
Figure 2.6: Configuration of microwave imaging system used in the University of 
Queensland experiment [28] 
 
In 2007, a group of researchers at Dartmouth College developed a clinical model of a 
microwave tomography imaging system for breast cancer detection [29]. Figure 2.7 shows 
the clinical microwave imaging set-up. In that system, sixteen monopole antennas in the 
shape of a cylindrical array were placed around a plastic container filled with a glycerine 
and water mixture as a coupling medium. The coupling medium had dielectric permittivity 
close to fatty breast tissues. The array elements were operated over a frequency between 
500 MHz to 3 GHz. In the experiment, one antenna was used to transmit the signal while 
the scattered signals were collected from the remainder of the array at each transmitter. 
The generated images from this clinical model were from real women’s breasts of different 
aged groups and phantoms. The phantoms used in the experiment consisted of simple 
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plastic cylindrical phantoms filled with liquid to study the behaviour of the electromagnetic 
field across the breast and optimise the best coupling medium. The overall imaging results 
of the study demonstrated the feasibility of using microwave imaging to detect breast 
cancer clinically. However, it was noted that reducing the conductivity of the matching 
medium mixture can improve the transmission and reception of the signals, resulting in an 
improvement in the generated images [29]. 
 
Figure 2.7: Dartmouth College’s microwave mammography imaging set-up displaying the 
illumination tank and antenna arrays [29] 
 
In 2010, researchers developed a UWB microwave imaging system incorporating a 
circular scanning system with the ability to mechanically rotate the sub-system in order to 
obtain more scanning angles [30]. The scanning system consisted of a tapered slot 
antenna and a breast phantom. The breast model consisted on a cylindrical container filled 
with oil to represent the fat tissue and a small plastic circular cylinder filled with water to 
represent the tumor. A novel reconstruction algorithm was used to generate the images. 
Figure 2.8 shows the experimental set-up of the imaging system. 
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(a) 
 
(b) 
Figure 2.8: (a) Configuration of microwave imaging system; (a) Photograph of an imaged 
body with a target illuminated by a tapered slot [30] 
 
In the same year, a conformal array antenna with an aspirator for a microwave 
mammography system was presented [31]. The antenna in the system is designed to be in 
contact with the breast without any coupling medium. Patch antennas working across the 
4–9 GHz band are used to form the conformal array inside the hemispherical shape. The 
number of antennas in the array depends on the size of the breast. The aspirator removes 
the air so that the breast conforms to the hemispherical shape of the antenna array. In the 
model manufactured for the trial, the conformal array was fabricated from 12 antenna 
elements and tested with a breast phantom made from silicon resin. Figure 2.9 (a) shows 
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the conformal array antenna for the microwave mammography system and Figure 2.9 (b) 
shows the outside and inside of the trial model.  
 
(a) 
 
(b) 
Figure 2.9: (a) Conformal array for microwave mammography system; (b) Trial model [31] 
 
In 2012, a circular UWB microwave imaging system was designed to image a 
heterogeneous breast phantom [32]. The system employs four tapered slot antennas and 
has the ability to utilise the monostatic and bistatic modes of operation. The breast model 
used in the experiments was fabricated to emulate real breast tissues at microwave 
frequencies including both low and high dense tissue. A tumor with dielectric properties 
close to a real tumor was used as a target for imaging purposes. To generate the images 
of the proposed breast phantoms, a monostatic mode employing one antenna with an 
electrical stepper motor was used to rotate the phantom and obtain a minimal scanning 
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angle of 0.72º. Figure 2.10 shows the experiment set-up of the imaging system with the 
heterogeneous breast phantom [32]. 
 
Figure 2.10: Experimental set-up of the circular UWBmicrowave imaging system [32] 
 
In 2012, Haynes et al. [33] built a prototype microwave imaging system incorporating an 
integrated numerical characterisation technique for breast examination. The imaging 
system consists of an imaging cavity formed from 12 panels soldered together. Each of the 
panels includes three bow-tie antenna array, as shown in Figure 2.11(a). The commercial 
finite element method solver for electromagnetic structures named HFSS (from “high 
frequency structural simulator”) is used to numerically evaluate the incident field of the 
antenna and the cavity geometry. The HFSS CAD model of the imaging cavity in the 
simulation is made from a perfectly electrically conducting (PEC) cylinder and filled with a 
coupling medium. Figure 2.11 (b) shows the images of the simulation model. 
For the experimental set-up in [33], the imaging cavity was connected to the VNA through 
a solid-state switching matrix. In order to obtain a multiple transmitter viewer, the rotators 
were mounted and turned the suspended objects. Figure 2.11 (c) shows the experimental 
set-up of the system. An inverse scattering algorithm was used to reconstruct the images. 
In this system, the cavity was filled with a coupling medium, and a spherical object was 
imaged. Overall, the imaging algorithm, numerical characterisation and experiment worked 
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with some success, and the researchers concluded that there were several promising 
areas for continued investigation [33]. 
                            
(a)                                                           (b) 
 
 
(c) 
Figure 2.11: (a) Imaging cavity; (b) HFSS CAD model of the imaging cavity in the 
simulation; (c) Experimental set-up [33] 
 
Another application of the microwave imaging system is brain stroke evaluation, and some 
research groups have begun working on microwave imaging systems for human brain 
abnormalities. In 2008, Serguei et al. [13] at the Keele University School of Medicine 
studied the feasibility of using microwave tomography for brain imaging with the aim of 
detecting brain strokes. A computer simulation of microwave imaging was used to 
accomplish the investigation with a 2-D human head model. The head model consisted of 
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a multi-layer model representing the main tissues in the head (including the skin, skull, 
cerebrospinal fluid and grey and white matter). Figure 2.12 shows the 2-D head model 
used in the simulation. The images of the stroke area were reconstructed over the 
frequency band from 0.5 to 2.5 GHz using a direct problem-solver technique. The outcome 
of the study suggested that using a microwave imaging system with multi-frequency ability 
could significantly improve the imaging results. 
 
 
Figure 2.12: Simulated 2-D head model [13] 
 
Also in 2008, a simulation antenna array was proposed for brain monitoring aimed at 
stroke detection. In this system, eight antenna elements are placed around the head 
model. The head model consists of a cylindrically-shaped muscle phantom and a 
haemorrhage stroke area represented by a sphere with a radius of 0.5 to 3 cm. A matching 
medium of high permittivity is placed between the phantom and the antennas. Figure 2.13 
shows the simulation set-up of the system. The results showed a difference in return loss 
of up to 3 dB, with and without the stroke, and suggested that the system had the ability to 
detect the stroke area [34]. 
 
 
22 
 
 
(a) 
 
(b) 
Figure 2.13: (a) Simulation set-up of the microwave system (the orange sphere represents 
a haemorrhage); (b) Antenna array [34] 
 
In 2010, a simulation study aiming to investigate the possibility of detecting brain stroke 
was reported [35]. The set-up of the system in the simulation consisted of 16 antenna 
elements in an elliptical shape as transmitters surrounding the head phantom. The head 
model used in the simulation was generated from MRI scan data. The dielectric properties 
of 20 types of tissues were defined from the data available in [36].The area of the target 
was defined as a stroke area with the dielectric properties provided in [13]. Figure 2.14 
shows the head model and the locations of the antennas in a slice of the head model. The 
simulation results demonstrated the possibility of detecting a stroke area of 15 mm radius. 
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(a)                                                                                (b)  
Figure 2.14: (a) Head phantom with the top half omitted; (b) Simulation set-up of the 
antenna array [35] 
 
 
In 2011, the same group applied a confocal algorithm based on a delay-and-sum 
technique to reconstruct the images. A simulated realistic head model created from MRI 
data with a stroke area was used in the simulation and finite-difference time-domain was 
used to calculate the scattered signals. The reconstructed image results showed a 
successful detection of the target position in different areas [37]. 
In the same year, a UWB imaging system employing a three Vivaldi tapered slot antenna 
array was designed and tested for the detection of brain cancer. The antenna elements 
were designed to work efficiently across the band from 5 GHz to 10 GHz. In the simulation, 
a simple head phantom comprising a multi-layer sphere with 60 mm radius was used to 
represent the white matter, bone layer, fat layer and skin layer with thicknesses of 5 mm, 1 
mm and 1mm, respectively. The tumor included in the phantom was a sphere with 5 mm 
radius. The simulation results showed the backscattered signals of the target when placed 
in different positions. These results indicated a weak scattering when the target positions 
were placed away from the antenna array. Therefore, the researchers suggested that 
rotating the array around the head phantom would improve the results [38]. Figure 2.15 
shows the fabricated Vivaldi antenna, and the simulation model of the antenna array and 
the head phantom. 
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(a) 
 
(b) 
Figure 2.15: (a) The fabricated Vivaldi antenna; (b) Antenna array with the head phantom 
in the simulation [38] 
 
In 2012, a further microwave technique was proposed for the monitoring of brain strokes 
[39]. The study used a simplified head model consisting of a multi-layer head phantom. 
The layers were modelled on the transmission line formalism to evaluate the best 
frequency range and coupling medium that can be used in designing a microwave imaging 
system for the human head. Figure 2.16 shows the details of the layered head model used 
in the simulation. The 2-D reconstruction images produced by the system encouraged 
further studies and the system was extended to the 3-D case [39]. 
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Figure 2.16: (a) Simplified layered model of human head with the coupling medium; (b) 
Corresponding transmission line model [39] 
2.5 Research Gap and Proposed Research 
In recent years, microwave imaging systems have been proposed as a medical imaging 
modality for breast cancer detection. Potentially, it offers a diagnostic method with a wide 
variety of advantages, such as non-ionizing radiation, low-cost portable system and fast 
imaging results. After Larsen and Jacobi, many researchers developed different 
microwave imaging systems, however, there is no clinical imaging system employs a 
microwave signal to image the human body.  
Different types of antennas have been previously designed to operate in imaging systems 
[40] [34, 41, 42]. These antennas either are big in size or do not offer good performance.  
In addition, most of the developed antennas assume that they are working in free space, 
while for a high-resolution microwave imaging system; the antennas have to be designed to 
work efficiently in a coupling medium that has dielectric properties close to the chosen 
tissues or to be in contact with these tissues. Therefore, the objective of this work is to 
develop antenna elements that have compact size and offer high performance to fit the 
requirements of the specific applications.  
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In addition to the array elements, the phantoms that are used to represent the human body 
in the imaging system need to mimic real human tissues. Many phantoms have been 
developed and are used in microwave imaging experiments, however, most of these 
phantoms are simple and do not have the real shape of the human parts. Some of these 
phantoms consist of a liquid like water or oil used in a simple container. These phantom do 
not have adequate complexity to reflect reality and therefore, there is a need to develop 
phantoms that mimic the dielectric properties of real human tissues in the microwave 
frequency range. In addition, a realistic shape of the phantom is recommended.  
2.6 Conclusion 
Currently, there are many different kinds of imaging techniques and processes that are 
able to produce valuable images of the human body such as x-ray, CT scan, MRI scanning 
and ultrasound imaging. However, each of these imaging techniques has its own 
limitations such as posing the health risk of ionising radiation or being expensive, immobile 
or time-consuming. Many research groups have been working on the development of 
promising approaches to microwave imaging for the detection of breast cancer and brain 
stroke. These research efforts have aimed to find an alternative imaging tool for detecting 
and evaluating breast cancer for a lower cost, with less health risks and with safer and 
more comfortable examinations. In recent years, researchers have also started to build a 
clinical, portable and low-cost microwave imaging system that can be used to evaluate 
brain strokes.  
There are many promising indicators to suggest that microwave systems in the future will 
be a successful clinical complement to conventional mammography. In addition, the 
research reported in the literature provides data on the electromagnetic properties of 
human tissues showing that there are significant differences between normal and 
abnormal tissue in the microwave frequency range. Microwave signals can effectively 
penetrate human tissues at these microwave frequencies, providing valid reasons for 
deploying advanced near-field imaging concepts that exploit the model-based image 
reconstruction methodology. However, the experiments reported by the various research 
groups have some drawbacks. The experiments mostly consisted of simple phantoms that 
do not reflect the construction and dielectric properties of real human tissues. The 
phantoms used in the systems developed to date consist of either a simple mixture or 
simple materials to represent the human parts. These mixtures do not have the exact 
dielectric properties of the human tissues and some of the developed phantoms do not 
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have the same shape as the human parts such as using simple cylindrical containers to 
represent the human breast or brain. 
The next chapter presents the design and development of antennas that can be used to 
develop microwave imaging systems for medical applications. Different antenna are 
proposed to be compatible for different applications of breast or brain imaging system as 
each application has different requirements. Further, to achieve the best possible matching 
with the human tissues these antennas require to work in a coupling medium that has 
dielectric constant close to the human tissues to reduce the reflected/scattered signals at 
air-body interface. Next, the antennas are designed to obtain best performance, low 
profile, reasonable directivity, compact size, and low cost. To verify the performance of 
these antennas the gain, radiation pattern, reflection coefficient are measured. As the 
UWB imaging system operates in the time domain time, the proposed antennas are tested 
when operating in the time domain. In addition, the fidelity factor of the proposed antennas 
are calculated for the antennas in presence of phantoms from the penetrating signals 
inside the phantom at different distances. Figure 2.17 show the block diagram of the 
procedure used to test the designed antennas.  
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Figure 2.17 Flowchart of the process used to developed antennas 
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Chapter 3 Antenna Design for Microwave 
Imaging Systems 
3.1 Introduction 
This chapter focuses on the design and development of the most important component in 
microwave imaging systems: the antenna. The main challenges facing the design of a 
suitable antenna for imaging systems are the requirements for compact size, moderate to 
high gain with high radiation efficiency, minimal distortion performance in the time domain, 
high dynamic range and low profile. Different types of antennas are reported in the 
literature by researchers seeking the best performance, low profile, reasonable directivity, 
compact size and low cost antenna [43-48]. 
Tapered slot antennas (TSAs) are popular candidates for achieving these requirements 
[44-46, 49] and are widely used in different applications, such as satellite communications, 
remote sensing, radio telescopes and microwave imaging systems. These kinds of 
antennas have high directivity, wide bandwidth, simple feed structure, and low cost. One of 
the design principles of this type of antenna is the requirement that the end slot should 
reach at least one-half of the wavelength of the desired operation at the lowest frequency. 
TSAs have the capability to produce a symmetric beam in the electric field plane, which is 
parallel to the substrate, and the magnetic field plane, which is perpendicular to the 
substrate, when appropriate dimensions and slot shapes are chosen [44, 50]. According to 
[50, 51], one shortfall of many TSA designs is the drift of the phase centre with frequency, 
which results in pulse dispersion in the time domain. Usually, the longer-length TSAs 
exhibit a more unstable phase centre. Some of the suggestions from [42, 52-54] to 
overcome this problem and improve the performance of TSAs are used as guidelines in 
the antenna design presented in this chapter. Corrugation techniques are used to reduce 
the electrical size of antennas and to improve their directivity without losing their UWB 
impedance bandwidth and directional properties.  
A related challenge in microwave imaging is to mitigate the occurrence of signal losses 
due to the mismatch between the air and the imaged body. Many research groups have 
reported that most of the signal sources would be reflected at the air–body interface 
without the use of a coupling medium [23, 55]. Therefore, achieving the best possible 
matching with human tissues requires the antenna and the imaged body to be immersed in 
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a coupling medium with a high dielectric constant in order to reduce the reflected/scattered 
signals at the interface and also to increase the dynamic range, which permits a reduction 
in the size of the antenna. However, for applications such as head imaging, it is not easy 
to immerse the object in a coupling medium. Another way to introduce the coupling 
medium between the antenna and the head is to embed the antenna in a semi-solid 
matching material. 
The objective of the antenna design presented in the first section of this chapter is to 
achieve UWB performance for a breast imaging system. The first task is to establish a full 
design of the UWB antenna for operation in free space and then test the characteristics of 
that antenna. Next, this antenna is redeveloped to work in a coupling medium with a 
dielectric constant close to the dielectric properties of normal breast tissue in order to 
achieve the best possible matching with the imaged object and reduce the size of the 
antenna physically. The reduction of the antenna size will be equal to the size of the 
antenna in free space divided by the root square of the dielectric properties of the coupling 
medium (𝜀𝑟).  
A similar procedure is used to design, test and develop the wideband (WB) antenna for the 
head imaging system. The effect of the dielectric properties’ scale on size, input 
impedance and radiation pattern is evaluated using CST Microwave Studio software. The 
software is also applied to optimise the final dimensions of the antenna. 
In the second task, the developed designs are exported from CST Microwave Studio to the 
Printed Circuit Board Computer-Aided Design (PCBCAD) software (Altum Designer) for 
fabrication in the UQ School of ITEE workshop. The antennas are manufactured for the 
proposed microwave imaging systems (the breast and head). The performance of the 
designed antennas is tested experimentally and compared with the simulation results.   
 
3.2 Software and Hardware Tools 
Preliminary guidelines in the literature are used as a first step in designing the antennas 
for the microwave imaging system. A prototype is then produced based on the design 
principles. Modelling software that has the ability to analyse the electromagnetic properties 
are used for this function. The electromagnetic full-wave simulators used to carry out the 
work of this thesis are CST Microwave Studio, HFSS and other design simulators such as 
MATLAB, Auto CAD and Altum Designer, which are used to fabricate the prototype 
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design. Furthermore, for the experimental tests of the antennas, an anechoic chamber 
room monitored from a control room is used. A VNA, PC, automatic turntable controller 
and power generator are the main equipment in the control room. A calibration kit, 
including a short circuit, open circuit and matched load, is used to calibrate the VNA. For 
the gain measurements in the far field, two standard horn antennas are used. The 
following sub-sections briefly discuss these design tools and their application. 
 
3.2.1 CST MWS® 
CST MWS is a useful tool for the 3-D electromagnetic simulation, which allows the fast 
and accurate analysis of high frequency devices including antennas, filters, and coupler, 
planar and multi-layer structures. It uses the finite integration technique introduced by 
Weiland in 1977 [56], which is a reformulation to obtain the discrete representation of 
Maxwell’s equations on numeric grids. It also provides the matrix equations for the 
electromagnetic integral quantities that are based on Maxwell’s equation properties. The 
finite integration technique uses the perfect boundary approximation for open-space 
problems. With this integral formulation, its time-domain solver can calculate the 3-D 
electromagnetic modelling. 
 
Besides the general time-domain solver (transient solver), CST offers six solver modules, 
including the finite element method, method of moment, multi-level fast multi-pole method 
and shooting-and-bouncing ray, which offer distinct advantages in their own domains. The 
transient solver is suitable for the antennas’ 3-D electromagnetic simulation. It provides a 
real-time domain simulation that shows the field propagating through the antenna radiator 
or along any traces of a printed circuit board. It is also delivers broadband frequency 
domain results such as S-parameters. The frequency-domain solver can also deliver these 
components; however, this is more useful for electrically small structures, or devices with a 
high Q-value. Thus, the key applications for the frequency-domain solver are periodic 
structures, such as the photonic band gap and frequency selective surface, or phased 
arrays [57]. Hence, this solver is applicable for ultra-wide-band antenna structures, 
however it should be noted that it might be necessary to use mesh refinement to ensure 
the results obtained are correct.  
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3.2.2 ANSYS HFSS 
The ANSYS HFSS is an interactive software package that is used to simulate 3-D full-
wave electromagnetic fields. “HFSS offers multiple state-of-the-art solver technologies 
based on finite element, integral equation or advanced hybrid methods to solve a wide 
range of applications. Each HFSS solver incorporates a powerful, automated solution 
process, needing only to consider the specific geometry, material properties and the 
desired output type. Therefore, HFSS can automatically generate an appropriate, efficient 
and accurate mesh to solve the problem using the selected solution technology. 
The ANSYS HFSS includes two modes of operation: 3-D interface and HFSS for ECAD. 
The first mode of operation enables users to model complex 3-D geometry or import CAD 
geometry. Typically, this mode is used to model and simulate high-frequency components, 
such as antennas, radio frequency/microwave components and biomedical devices. 
Engineers can extract scattering matrix parameters (S, Y, Z parameters), visualise 3-D 
electromagnetic fields (near field and far field), and generate ANSYS full-wave SPICE 
models that link to circuit simulations. 
Another mode of operation of HFSS is ideal for designers who work in layered geometry or 
the layout of high-speed components, interconnects. Beyond the convenient electrical 
layout environment, HFSS includes a fast 2.5-D planar electromagnetic solver based on 
the method of moments. This provides the flexibility to use a fast solver optimised for 
planar structures in the initial design phase, and then turn to the reliable 3-D accuracy of 
the HFSS finite elements for optimisation and design verification. Signal integrity engineers 
use HFSS for ECAD to integrate established EDA design flows and evaluate signal and 
power quality, including transmission path losses, reflection loss from impedance 
mismatches, parasitic coupling, ground bounce and radiation” [58]. 
 
3.3 Ultra-Wideband Antennas for the Breast Imaging System 
3.3.1 Antenna Design for Free Space Operation 
The proposed design has the objective of achieving UWB performance for a breast 
imaging system. For this kind of application, the US Federal Communications Commission 
(FCC) released the unlicensed frequency band from 3.1 GHZ to 10.6 GHz [59]. Initially, 
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the antenna in this study is designed without corrugations according to the guidelines 
described in [44]. The steps in the design are described in this section.  
The lowest frequency of operation (𝑓), thickness of the substrate (ℎ) and the dielectric 
constant of the substrate (𝑟), are used to calculate the width (𝑤) and the length (𝑙) of the 
antenna structure, excluding the feeder using Equations (3.1) and (3.2): 
𝒘 = 𝒍 =
𝒄
𝒇
√
𝟐
𝒓 + 𝟏
                                                                               (3. 1) 
where 𝑐 is the speed of light in free space. 
The radiating elements structure of the antenna is formed from the intersection of the 
quarters of two ellipses. The major radii (𝑟1 and 𝑟2) and the secondary radii (𝑟𝑠1and𝑟𝑠2) of 
the two ellipses are chosen according to the following equations [45]: 
𝒓𝟏 =
𝒘
𝟐
                                                                                                               (3. 2) 
𝒓𝟐 =  
𝒘
𝟐
−  𝒘𝒇                                                                                                    ( 3. 3) 
𝒓𝟏𝒔 = 𝒍 − 𝒂                                                                                                       (3. 4) 
The parameter (𝑎) is used to control the lowest frequency of operation. The width of the 
microstrip transition feeder 𝑤𝑓  to give the characteristic impedance 𝑧0 = 50  can be 
calculated using the following equation [49]: 
𝒛𝟎 =  
𝟔𝟎
𝒆𝒇
𝒍𝒏 (
𝟖𝒉
𝒘𝒇
+
𝒘𝒇
𝟒𝒉
)                                                                              (3. 5) 
Next, corrugations are introduced in both the top radiator and the background to reduce 
the size of antenna and to improve the matching of the antenna opening and suppress the 
standing wave arising in the antenna [60]. The utilised corrugation also improves the 
directivity in the lower part of the UWB frequency range and enhances the transmission of 
the UWB pulses. Figure 3.1 shows the configuration of the utilised antenna. Assuming that 
the antenna is designed for the frequency range of 3.1 GHz to 10.6 GHz according to the 
FCC regulations and IEEE recommendations for medical imaging systems, the centre 
frequency is then equal to 6.85 GHz. The final dimensions are obtained using the 
optimisation capability of the CST Microwave Studio software. The length of those slots is 
chosen to be a quarter-wavelength (λ/4) at the centre frequency of 6.85 GHz. The final 
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dimensions are obtained using CST Microwave Studio and are: 𝑤𝑠 = 10 mmlength, 𝐿𝑠 =
1 mm width and the space between each pair of slots is 𝑠𝑝 = 0.5 mm. The antenna is then 
fabricated. Figure 3.2 shows a photo of the manufactured antenna. The antenna is a 
corrugated TSA with a compact size of (45 mm × 45 mm) for operation in the 3.1-10.6 GHz 
band developed on Rogers RT6010 substrate with a dielectric constant of 10.2 and 
thickness of 0.635 mm. 
 
 
Figure 3.1: Configuration of the antenna 
 
 
Fig. 1 Configuration of the antenna 
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(a)                                                              (b) 
Figure 3.2: Photo of prototype antenna – (a) Top radiator, (b) Bottom view 
 
3.3.1.1 Results and Discussion 
The measured performance of the proposed antenna is compared with the simulation. For 
the measurements of gain, the double-ridged horn is used as a reference gain antenna. 
Figure 3.3 shows the measured and simulated return loss of the antenna. The antenna 
covers the band from 3.1 to 10.6 GHz assuming a 10 dB return loss as a reference. The 
gain of the antenna varies between 2 dBi at 3.1 GHz to about 7.5 dBi at 11 GHz, as shown 
in Figure 3.4. The far-field radiation patterns as measured at three different frequencies of 
3.1 GHz, 7 GHz and 10.6 GHz for both the X-Z plane and Y-Z plane are depicted in Figure 
3.5. The antenna has directive properties with an average front-to-back ratio of 22 dB at 7 
GHz. 
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Figure 3.3: Measured and simulated reflection coefficient of the proposed tapered slot 
antenna RO6010 (𝒓= 10.2, thickness =0.64 mm) 
 
 
Figure 3.4: Simulated and measured gain of the proposed tapered slot antenna 
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                                            (a)                                                           (b) 
 
                           (c)  
 
Figure 3.5: Measured normalized radiation patterns at X-Z plane and Y-Z plane at (a) 3.1 
GHz, (b) 7 GHz, and (c) 10.6 GHz 
 
3.3.2 UWB Antenna to Work with Coupling Medium 
Steps are taken to increase the dynamic range of the imaging system, reduce the size of 
the antenna and improve the matching between the antenna and the imaged object. First, 
the antenna and the imaged object in the imaging system are immersed in a coupling 
medium with a high dielectric constant. For this purpose, a coupling medium is designed. 
The coupling medium used in this section is explained in detail in the next chapter. The 
dielectric scaling effects on the antenna size and input impedance are first taken into 
account in order to find the dimensions of the antenna. The designed antenna for free 
space is redeveloped to work in a designed coupling medium. CST Microwave Studio is 
used to optimise the final dimensions of the antenna when it is immersed in the developed 
coupling medium. The full-wave analysis is performed as set out in [61]. Using a multi-
layer model of a breast with a normal wave incidence provides a guideline on the required 
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properties of a matching medium that can reduce the adverse effects of signal reflections 
at the antenna–air–breast interface. Those guidelines are used to design a suitable 
coupling medium between the antenna and the breast (see Chapter 4, Section 4.5). A 
coupling medium with an average permittivity of 10.2 is used to test for a reduction of 
reflected/scattered signals and to achieve a reduction in the dimensions of the antenna. 
Figure 3.6 shows the configuration of the developed antenna. The final dimensions are 
found to be (22 mm × 40 mm), the dimensions of the slots are the length Ls = 1 mm and 
the width Ws = 4 mm, and the space between each neighbouring pair of slots Sp = 0.5 mm. 
The top radiator and the background are covered by a dielectric material with properties 
that are similar to those of the substrate in order to protect the radiating element from 
adverse effects of the coupling medium such as metal corrosion and to improve the 
matching of the antenna when immersed in a coupling medium. 
 
Figure 3.6: Configuration of the designed antenna – (a) without covers, (b) with covers 
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3.3.2.1 Results and Discussion 
The performance of the proposed antenna while immersed in the developed coupling 
medium is first verified via computer simulations using different test models. In the first 
case, the dielectric properties of the coupling medium with an average permittivity of 10.2 
and average conductivity of 1.2 s/m is applied to the simulation. To include the frequency 
dependence of the dielectric properties in the second case, the permittivity ( ) and the 
conductivity () of the manufactured coupling medium and the measured properties of the 
developed coupling medium are used as input data to the CST Microwave Studio software 
during the design and analysis of the UWB antenna in the presence of a coupling medium. 
The results, as shown in Figure 3.7, reveal that the antenna covers the band from 3.1 GHz 
to 10.6 GHz assuming 10 dB return loss as a reference. 
To verify the directive properties of the antenna, the gain and 3-D radiation pattern are 
calculated using the simulation tool. It is found that the gain varies from 3.7 to 5.3 dBi 
across the band from 3.1 to 10.6 GHz. The 3-D pattern indicates directive characteristics 
as revealed in Figure 3.8 . To evaluate the level of losses in the antenna’s structure, the 
radiation efficiency is calculated using the CST Microwave Studio software. It is found that 
the efficiency is more than 80% across the whole band of interest. 
 
Figure 3.7: Simulated reflection coefficient of the antenna for the two cases of coupling 
medium 
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Figure 3.8: Three-dimensional radiation patterns of the antenna at (a) 3.1 GHz, (b) 10.6 
GHz 
 
As the UWB imaging system operates in the time domain by sending a very narrow pulse 
to penetrate the breast and measure the scattered pulses, the UWB antennas to be used 
in that system should introduce a very low distortion in the time domain. Thus, the utilised 
antenna is tested when operating in the time domain. For this purpose, the transmitted 
pulse is monitored at different distances from the aperture of the TSA. The tests, for cases 
without and with a breast phantom, are performed in the CST Microwave Studio software 
when the antenna is immersed in the designed coupling medium. The breast model used 
in the simulations is heterogeneous. In the utilised model, the skin layer is assumed to 
have a thickness of 1 mm and fat layer thickness of 100 mm. Spherical shaped glands with 
a random size and location are included within the breast as shown in Figure 3.9. To 
include the frequency dependence of the dielectric constant (𝑟) and the conductivity () 
of the breast phantom over the UWB, the first order Debye dispersion model is applied to 
the phantom tissues, which can be expressed by the following equation [62]: 
𝒓 = ∞ +
∆
𝟏 + 𝝎𝝉
+
𝝈𝒔
𝒋𝝎𝜺𝟎
                                                           (3. 6) 
where 𝜏 is the relaxation time, and ∞, ∆ and 𝜎𝑠 are the Debye model parameters which 
were selected according to the published data for breast tissues [63]. 
The fat tissues parameters are: ∆ = 3.5448, ∞ = 3.987, 𝜏 = 13 𝑝𝑠, 𝜎𝑠 = 0.0803
𝑆
𝑚⁄ . The 
glandular tissues parameters are ∆ = 24.643, ∞ = 12.8485, 𝜏 = 13 ps, σs = 0.2514
𝑆
𝑚⁄  
and the skin tissues parameters are 𝑟 = 36, and 𝜎 = 4
𝑆
𝑚⁄ .    
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Figure 3.9: Proposed antenna with a heterogeneous breast phantom 
 
In order to verify the directive properties of the designed antenna, the maximum gain is 
calculated using the simulation software. It is found to be from 2.8  to 5.7 dBi across the 
band from 3.1  to 10.6 GHz. In comparison with the gain of other designed antennas [44, 
46, 60, 64-68], this is an acceptable medium range of gain values considering the very 
compact size of the antenna.   
To assess the distortion level in the transmitted pulses inside the breast model, the fidelity 
factor is calculated at different locations within the breast. The fidelity factor is defined as 
the maximum magnitude of the cross-correlation between the observed pulse at a certain 
distance and excitation pulse [69]. Figure 3.10 shows the simulated fidelity factor inside 
the breast phantom at different distances from the antenna with and without coupling 
liquid. As shown in the result, as the signal propagates through the human body, the 
fidelity factor decreases, indicating an increasing pulse distortion inside the breast. The 
importance of the coupling medium is clear from the presented results. For the case 
without the medium, the fidelity factor decreases sharply and becomes around 6% at 5 cm 
depth inside the breast. However, the fidelity factor is kept at a high value when the 
coupling medium is used, and is more than 60% at 5 cm depth in the breast. Thus, the use 
of the medium improves the fidelity factor by ten times at the centre of the breast. 
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The time-domain performance of the antenna for the cases with and without a phantom is 
shown in Figure 3.11 . It is clear from the presented results that the transmitted pulses 
have negligible distortion without a phantom. However, as expected, the distortion 
increases when the pulse penetrates the phantom due to the multiple reflections in the 
heterogeneous phantom. It is clear that the coupling medium significantly reduces the 
pulse distortion that occurs due to multiple reflections at the breast interface. Thus, it is 
possible to increase the dynamic range of the imaging system using the proposed 
matching medium for better resolution.   
 
Figure 3.10: Simulated fidelity factor at different distances from the antenna with and 
without coupling liquid in the breast phantom 
 
Next, the antenna is manufactured and tested to confirm its simulated performance. Figure 
3.12 shows a photograph of the fabricated antenna. The simulated and measured results 
with and without the coupling medium are shown in Figure 3.13. The obtained results 
indicate that, when the coupling medium is used, the antenna features a UWB 
performance from 3.1 to 10.6 GHz assuming the 10 dB return loss as a reference to define 
the bandwidth specification. It should be noted that the difference between the simulated 
results and the measured results in Figure 3.13 is due to the effect of the multiple 
reflections at the boundaries of the plastic container used for the coupling medium. That 
container is not included in the simulations whereas its effect is obviously included in the 
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measured results. To confirm the effect of using the designed coupling medium on the 
performance of the antenna, the return loss is first calculated in free space, that is, without 
the coupling medium. It is clear from the results depicted in Figure 3.13 that the 
performance deteriorates dramatically especially at the low part of the band 
 
Figure 3.11: Excited and transmitted pulses calculated at different distances from the 
antenna (coupling liquid is assumed) – (a) with breast phantom (b) without breast phantom 
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Figure 3.12: Photo of manufactured on substrate Rogers RO3010 with dielectric 
constant=10.2 antenna with and without cover; (a) Top radiator, (b) Background 
 
To confirm the distortionless performance of the antenna in the presence of the designed 
coupling medium, the group delay between two identical antennas at a distance of 30 mm 
is calculated. The results, as depicted in Figure 3.14, reveal a very low distortion across 
the band of interest. In order to verify the capability of this antenna to support the 
transmission and reception of narrow pulses with minimum distortion, the time-domain 
impulse response of the antenna is measured. In this case, two antennas are put at the 
same height above the ground with a distance of 30 mm between them. A very narrow 
pulse, which has UWB frequency ranges, is generated by one antenna using the VNA (the 
Rohde and Schwarz [R&S] ZVA24). The pulse is then received using the other antenna. 
The result of the measurement when the two antennas are aligned face to face is shown in 
Figure 3.15. It is clear that the developed antenna supports almost distortionless 
transmission, which is very important in a microwave imaging system so that ghost targets 
are avoided. 
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Figure 3.13: Performance of the antenna with and without coupling medium 
 
 
Figure 3.14: The calculated group delay of the antenna 
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(a) 
 
(b) 
Figure 3.15: Time-domain response of the antenna – (a) simulated, (b) measured 
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3.4 Wideband Antennas for a Head Imaging System 
This section reports the design of efficient WB compact antennas to be used in a 
microwave imaging system for brain injuries. Two antennas are designed: the first antenna 
is designed to work in free space, and the second antenna is designed with a reduced size 
to work in a coupling medium. 
3.4.1 Antenna to Work in Free Space 
The geometry and detailed parameters of the proposed WB exponentially corrugated TSA 
are shown in Figure 3.16 . The first step in the design is creating the radiating structure of 
the antenna, which is in the form of an antipodal configuration. The width of the antenna 
(W+2Wd) is determined by assuming it to be equal to half of the effective wavelength at the 
lowest frequency of operation [43]. The slot flare of the radiators is tapered exponentially 
with the opening rate (𝑹), of which the shape is determined using the following equations: 
𝒙 =  𝒄𝟏𝒆
𝑹𝒚 +  𝒄𝟐                                                                                            (3. 7) 
𝒄𝟏 =  
𝒙𝟐 − 𝒙𝟏
𝒆𝑹𝒚𝟐 − 𝒆𝑹𝒚𝟏
                                                                                          (3. 8) 
𝒄𝟐 =  
𝒙𝟏𝒆
𝑹𝒚𝟐 − 𝒙𝟐𝒆
𝑹𝒚𝟏
𝒆𝑹𝒚𝟐 − 𝒆𝑹𝒚𝟏
                                                                                   (3. 9) 
where  
𝑥1 =  
𝑤𝑠
2
,  𝑥21 =  
𝑤
2
, 𝑦1 =  𝐿𝑓, 𝑦2 =  𝐿 
where 𝑅 is the tapered rate, and 𝑐1 and 𝑐2 are parameters to determine the first and last 
points of the exponential curve. The ground plane of the microstrip is tapered elliptically for 
the transition from the input microstrip feeder to the antenna’s parallel-strip feeder. The 
major and secondary radii of this ellipse are chosen according to the following equations: 
𝑹𝟏 =  
𝒘
𝟐
− 𝒘𝒇                                                                                                  (3. 10) 
𝑹𝟐 =  𝟎. 𝟐𝑹𝟏                                                                                                     (3. 11) 
The width of the feed line to obtain characteristic impedance 𝑍0 = 50 is calculated using 
Equation 3.5 above [49], where ℎ is the thickness of the substrate, and 𝑤𝑓 is the width of 
the microstrip line. 𝑟𝑒𝑓 is the effective dielectric constant for the transmission line and is 
calculated using the following equation: 
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𝜺𝒆𝒇 =  
𝜺𝒓+𝟏
𝟐
+
𝜺𝒓 − 𝟏  
√𝟏 +
𝟏𝟐𝒉
𝒘𝒇
                                                                             (3. 12) 
The CST Microwave Studio software is used to determine the optimum opening rate, the 
slot width and the width of the microstrip line. Next, the symmetrical exponential 
corrugations are introduced in both the top radiator and the back in order to reduce the size 
of the antenna [60]. The final dimensions of the antenna are obtained using the optimisation 
capability of the CST Microwave Studio software. The dimensions of the antenna, namely, 
W, Wd, L, Lf and Wf, are found to be equal to 53 mm, 21 mm, 90 mm, 11.5 mm and 1.189 
mm, respectively. The slots used for the corrugations (SL) have a length of 43.5 mm, 
whereas the space between each neighbouring pair of slots (Sw) is equal to 1 mm. 
 
Figure 3.16: Configuration of the antenna 
 
 
 
 
 
49 
 
3.4.1.1 Results and Discussion 
The validity of the proposed design is tested via simulation using CST Microwave Studio. 
The design assumes a Rogers RT3010Lm substrate with a dielectric constant of 10.2 and 
a thickness of 1.28 mm. The antenna is tested with and without the specific 
anthropomorphic mannequin (SAM) head model obtained from the CST software [70]. The 
head phantom has the average relative permittivity of 40 and conductivity of 0.1 S/m for 
the brain tissues and permittivity of 3.7 and conductivity of 0.0016 S/m for the shell across 
the frequency band of 1 to 4 GHz. When using a head model, the distance between the 
antenna and the head model is kept at 30 mm. Figure 3.17 shows the return loss of the 
antenna with and without the head phantom. It can be seen that the antenna operates 
from 1.1 to 4 GHz with more than a 10 dB return loss when the phantom is absent. As can 
be seen from the same figure, the return loss is more than 10 dB across the band from 1.6 
GHz to 4 GHz when the antenna is tested in the presence of the head phantom. 
To prove the directive properties of the antenna, the gain is calculated across the desired 
band. The simulated gain of the antenna is depicted in Figure 3.18 for the frequency range 
from 1 to 4 GHz. The antenna has a gain that varies from 4.45  to 5.25 dBi. The directive 
properties of the antenna are also confirmed by the radiation pattern depicted in Figure 
3.19. 
 
Figure 3.17: Reflection coefficient of the antenna with and without head phantom 
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Figure 3.18: The gain of the antenna 
 
 
 
Figure 3.19: Simulated radiation pattern of the designed antenna (a) at 2.5 GHz, and (b) at 
4 GHz 
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In order to test the ability of the antenna to transmit and receive microwave pulses without 
distortion, two identical antennas are placed facing each other. In this case, the distance 
between the antennas is equal to 48 cm. The transmitted and received signals are 
normalised. The results shown in Figure 3.20 indicate a low distortion in the received 
pulse. To confirm this property, the fidelity factor is calculated inside the SAM head model 
when the antenna is used to send a narrow pulse that has the frequency components from 
1 GHz to 4 GHz. The results, as depicted in Figure 3.21, reveal that although the fidelity 
factor decreases when the pulse is transmitted inside the head model due to the 
heterogeneous nature of the head tissues, the fidelity factor is still within acceptable limits. 
In order to test the antenna and confirm its simulated characteristics, the antenna is 
fabricated (Figure 3.22). The simulated and measured results in Figure 3.23 show that the 
antenna has more than 10 dB return loss across the utilised band.  
 
 
Figure 3.20: Simulated performance of the antenna in the time domain 
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Figure 3.21: Simulated fidelity factor with distance from the antenna in the presence of the 
head model 
 
 
Figure 3.22: Photograph of the antenna after fabrication 
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Figure 3.23: Reflection coefficient of the antenna 
 
3.4.2 Antenna to Work in a Coupling Medium 
The antenna discussed in this section is designed to be compact in size, possess 
directional properties and provide the required resonances across the desired frequency 
band. Figure 3.24 shows the configuration of the proposed tapered slot antenna which is 
designed for a microwave-based head imaging system. It is fed using a microstrip line of a 
50  characteristic impedance. The slot of the antenna is tapered using an elliptical 
function [44]. The antenna is designed using Rogers RT6010 thickness of 0.635 mm and a 
relative dielectric constant of 10.2 as the substrate. Giving the lowest frequency of 
operation ƒ𝟏 , the thickness of substrate 𝒉, and the dielectric constant𝜺𝒓 , the width and 
length of the antenna are calculated using the following equation [45]: 
𝒘 = 𝒍 =
𝒄
𝒇
√
𝟐
𝜺𝒓 + 𝟏
                                                                                         (3. 13) 
A miniaturisation technique is used to reduce the size of the structure [60, 65]. The 
modification of the traditional tapered slot structure commences by removing the tapered 
ground plane and the slotline-to-microstrip transition. A direct connection is used to 
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connect the top radiator with the microstrip line, whereas the bottom layer is used as the 
ground plane. The slot s between the top radiator and the ground is used to achieve a 
matching with the feed point. The feed structure is curved from the edge of the structure in 
order to ease the connection of the microstrip line with the external port in the direction 
that is suitable for the planned imaging system.  
A symmetrical corrugation is then used at the outer edges of both the top radiator and the 
background, seeking to miniaturise the size of the antenna. Those corrugations are used to 
increase the effective path length of the surface current, and thus, to enable acceptable 
performance of the antenna at the lower part of the band when the size of the antenna is 
reduced. It can also help to suppress standing waves arising in the antenna’s structure [65]. 
The length of the slots of the corrugated structure is chosen to be a quarter-wavelength at 
the centre frequency of operation. Assuming that the antenna is designed for the frequency 
range from 1 to 4 GHz, the centre frequency is then equal to 2.5 GHz. The final dimensions 
are obtained using the optimisation capability of the CST Microwave Studio software [70]. 
The dimensions of the slots are 3.5 mm length and 0.5 mm width, and the space between 
each neighbouring pair of slots is equal to 0.5 mm. The antenna’s width (W) and length (L) 
are equal to 24 mm, giving a compact size for the utilised frequency band of 1 to 4 GHz. 
In order to reduce the scattered signals at the interface between the antenna and the head 
tissues, and to achieve the best matching with tissues, both the antenna and the imaged 
object are immersed in a coupling medium with a high dielectric constant and low 
conductive loss [29, 71]. The high permittivity of the coupling medium allows for the 
reduction in the size of the antenna and potentially increases the dynamic range of the 
imaging system.   
In order to protect the antenna from the adverse effects of the coupling medium, the top 
radiator and the ground plane are covered by a dielectric sheet that has the same dielectric 
properties as the substrate, as shown in Figure 3.24 (b). An adhesive material that has a 
dielectric constant consistent with that of the utilised substrate is used to glue the antenna 
and the covering sheets together.  
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Figure 3.24: Configuration of the corrugated Tapered slot antenna – (a) without cover, (b) 
with protective cover 
 
3.4.3 Performance of the Designed Tapered Slot Antenna 
The performance of the proposed antenna with and without a coupling medium is 
simulated in two ways: without and with a head phantom. The head model used in the 
simulations is shown in Figure 3.25. In this model, the skull layer is assumed to have 
thickness of 7 mm, cerebral spinal fluid (CSF) layer thickness of 3 mm, grey matter layer 
thickness of 60 mm, white matter layer thickness of 60 mm, and another skull layer when 
the top half is omitted, as shown in Figure 3.25. 
The simulated results of the reflection coefficient of the antenna when it operates without a 
head phantom for two cases (with and without a coupling medium) are shown in Figure 
3.26. The case without a coupling medium is equivalent to free space 𝜺𝒓 = 𝟏.   
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As indicated in Figure 3.26, the antenna covers the band from 1 GHz to 4 GHz assuming 
the 10 dB return loss as a reference for matching medium with 𝜀𝑟1 = 40 and 𝜀𝑟2 = 30. For 
the cases 𝜀𝑟3 = 20, and 𝜀𝑟4 = 1, the return loss is less than 10 dB across parts of the used 
band. Thus, it is clear that the best coupling medium has a relative dielectric constant of 
approximately 40. 
 
Figure 3.25: Proposed antenna operating in presence of a multi-layer head phantom 
 
 
Figure 3.26: Reflection coefficient of the antenna when immersed in a coupling medium of 
different dielectric properties in the absence of a head phantom 
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The return loss of the antenna when it works in front of the head phantom is shown in 
Figure 3.27 for the two cases with and without a coupling medium with the distance 
between the antenna and the phantom at 10 mm. The antenna has a return loss of more 
than 10 dB across the band from 1 GHz to more than 4 GHz for the coupling medium with 
a relative dielectric constant 𝜺𝒓 = 𝟒𝟎. Thus, the presence of the phantom does not have 
any adverse effect on the performance of the designed antenna. 
 
Figure 3.27: Reflection coefficient of the antenna when immersed in a coupling medium 
with different dielectric properties in the presence of the head phantom 
 
In order to verify the performance of the antenna in a more realistic environment, the 
antenna is also tested when operating in front of a realistic SAM head model available in 
the CST Microwave Studio software as depicted in Figure 3.28. It consists of two parts: the 
outer part which is considered as a shell (skull) for the head, and the inner part which is 
considered as the average dielectric properties of the soft tissues inside the brain. The 
material properties of the shell (skull) are defined as a dielectric constant and conductivity 
of 3.7 and 0.016 S/m, respectively. The material of the fluid inside the head is defined as a 
broadband frequency-dependent material by a tabulated dispersive second-order model 
material at all frequencies of interest. Figure 3.29 shows the plotted permittivity of the 
average tissues inside the head across the frequency band from 1 GHz to 4 GHz. The 
average conductivity of the soft tissues inside the head across the same frequency band is 
0.99 S/m. The simulated return loss of the antenna when it works in the presence of the 
SAM head phantom is shown in Figure 3.30. Due to the optimum matching achieved, it is 
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clear that the antenna works without any degradation in its performance when using the 
designed coupling medium with dielectric properties that are close to the dielectric 
properties of the soft tissues inside the head phantom. 
 
Figure 3.28: Designed antenna when used to image the SAM head phantom 
 
Figure 3.29: Permittivity of the average head tissues in the SAM model 
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Figure 3.30: Simulated reflection coefficient of the antenna Vs frequency when placed in 
front of a SAM head model and immersed in a different coupling medium with the shown 
average dielectric constant 
 
Next, the antenna is manufactured and tested to confirm its simulated performance.  
Figure 3.31 is a photograph of the fabricated antenna. The antenna is tested 
experimentally while immersed in the optimum coupling medium with an average 
permittivity of 43 in order to verify the characteristics of the antenna in the designed 
coupling medium. The measured variation of the dielectric permittivity and conductivity of 
the designed medium for the frequency range from 1 GHZ to 4 GHz is shown in Figure 
3.32. The properties of the manufactured coupling medium are loaded into the simulation 
tool to create the same environment as the experimental environment. 
The simulated and measured return loss of the antenna when immersed in the coupling 
medium and without the head phantom is shown in Figure 3.33. The obtained results 
indicate that the antenna has a reflection coefficient of less than -10 dB across the 
required band from 1 GHz to 4 GHz. The plastic container that included the antenna and 
the coupling medium has a slight effect on the performance, as indicated in Figure 3.33. 
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Figure 3.31: Photo of the manufactured antenna using Rogers RT6010 thickness of 0.635 
mm with dimensions of 24 mmx24mm – (a) Top radiator and (b) Ground side without and 
with cover 
 
 
Figure 3.32: Variation of permittivity and conductivity with frequency for the designed 
coupling medium 
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Figure 3.33: Measured and simulated reflection coefficient of the antenna when immersed 
in the designed coupling medium in the absence of the head phantom 
 
In order to verify the capability of the antenna to support the transmission/reception of 
narrow pulses in a distortion less manner, two antennas are placed at the same height 
above the ground with 3 cm distance between them. The two antennas face each other in 
the end-fire direction. The space between the antennas is filled with the developed 
coupling medium. Figure 3.34 shows the measurement set-up. The VNA (R&S ZVA24) is 
used to generate a narrow pulse with 1–4 GHz frequency content. The pulse is transmitted 
from one of the antennas and is received by the other antenna. The time-domain 
measurements are shown in Figure 3.35. It is clear the developed antenna supports 
almost distortion-less transmission, which minimises so-called ghost targets occurring in 
the microwave imaging system. It is worth mentioning that the time delay between the 
transmitted and received pulses in Figure 3.35 is due to the antennas’ structure, 
connecting cables and the 3 cm distance between the end points of the two face-to-face 
antennas.  
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Figure 3.34: Test platform with two antennas immersed in the coupling medium 
 
 
Figure 3.35: Time-domain response of the manufactured antenna 
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In order to quantify the distortion level in the transmitted pulses inside the coupling 
medium, the second antenna is moved away from the first antenna at different distances 
so that the variation of the fidelity factor as a function of distance inside the coupling 
medium can be calculated. The fidelity factor is calculated as the maximum magnitude of 
the cross-correlation between the observed pulse at a certain distance and the excitation 
pulse [69]. The simulated and measured results are shown in Figure 3.36 . The results 
indicate that the fidelity factor of the antenna decreases as the distance from the antenna 
increases. However, the value is still within an acceptable limit for a successful imaging 
system (above 50%) as compared to previously reported values in the literature [49]. 
There are some differences between the simulated and measured fidelity factors as 
depicted in Figure 3.36. The effect of the container on the performance of the antennas 
can be predicted from the simulated results with and without the container, as presented 
above in Figure 3.34. It is clear that the multiple reflections from the boundaries of the 
plastic container cause a slight degradation in the fidelity factor.   
 
 
Figure 3.36: Simulated and measured fidelity factors as a function of distance from the 
antenna when it is immersed in a couplingmedium 
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3.5 Conclusion 
This chapter presented the design of the directive UWB and WB antennas for use in a 
biomedical microwave imaging system. The UWB antenna was designed to be used in the 
development of a microwave imaging system for breast cancer detection. At first, the 
antenna was designed to work in free space. To minimise the size of the antenna, 
corrugations were introduced in both the top radiator and the ground part of the antenna. 
The antennas were then fabricated and their performance was validated via simulation and 
measurements. 
To reduce the size of the antennas physically and to improve the matching between the 
antennas and the imaged object in the imaging system, the antenna was redeveloped to 
work in a coupling medium. To protect the developed antenna from the adverse effects of 
the coupling medium (such as the corrosion of metallic parts), the radiator and the ground 
were covered by a material that had dielectric properties similar to those of the antenna’s 
substrate. The performance of the antenna was tested via simulation first in front of human 
breast phantoms. After validating the performance of the antenna via simulation, the 
antenna was then fabricated. The performance of the antenna was then validated via 
measurements both in free space and when immersed in the developed coupling medium. 
The same procedures were used to design WB antennas to be used to develop a head 
microwave imaging system. The WB antenna was designed and tested via simulation 
using different models of head phantoms. Then, the antenna was redeveloped to work in a 
suitable coupling medium for a head imaging system. After verifying the characteristics of 
the antenna via simulation, the antenna was then fabricated and tested in the presence of 
the developed head phantoms.  
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Chapter 4 Coupling Medium and Phantoms for 
Imaging Systems 
4.1 Introduction 
This chapter presents the development of two important components of microwave 
imaging systems in biomedical applications, namely, the coupling medium and the artificial 
phantom. The research includes the design and development of two types of coupling 
medium for breast and head microwave imaging systems. The purpose of the coupling 
medium is to reduce the scattered signals at the interface between the antenna and the 
imaged object and to achieve best matching with the tissues [14, 20, 22, 23]. Without a 
coupling medium, most of the transmitted signals would be reflected at the air–body 
interface. The major challenge in the development of a coupling medium is that its 
dielectric constant should be close to the dielectric constant of the real tissues, with a low 
conductive loss [29, 61] across a wide microwave frequency band.  
In order to improve microwave imaging systems, there is a need to develop different 
phantoms to test the validity of those systems before moving to tests on animals or human 
beings. The electrical properties (dielectric constant and conductivity) of those phantoms 
should closely emulate the properties of human tissues across the frequency band relating 
to specific applications. The shape of those artificial phantoms needs to be realistic, and the 
phantoms must be cost-effective and manufactured from readily available materials. They 
should also have stable properties across a long period of time so that the experiments can 
be repeated. 
The first part of this chapter reports the testing of some candidate materials that can be 
used in the fabrication of the coupling medium and artificial phantoms. Next, suitable 
materials are selected to develop the required coupling medium for the proposed imaging 
systems. Artificial phantoms are also developed for testing the imaging systems. The 
following flowchart shows the procedure uses to choose suitable materials, measure the 
dielectric constant in the lab and calibration technique use the chosen martials to fabricate 
the required coupling medium and phantoms. 
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4.2 Dielectric Properties of Human Tissues at Microwave 
Frequencies 
There has been a growing interest in developing and testing microwave imaging 
techniques for different biomedical applications, such as breast cancer and brain stroke 
detection. The development and testing of these imaging modalities need extensive data 
relating to the dielectric properties of human tissues. Therefore, it is necessary to have 
knowledge of the dielectric properties of human tissues at microwave frequencies and to 
understand the interaction of microwaves with biological tissues. The human body is made 
up of a large number of materials including water, dissolved organic molecules, 
macromolecules, ions and insoluble matter. Each of these components has a specific 
electromagnetic property that is measured by electrical permittivity and conductivity. The 
properties of biological bodies can interact with the electromagnetic field parameters of 
frequency, the intensity of the electric and magnetic fields, and their direction [72-74]. The 
dielectric properties will thus reflect the characteristics of normal human tissue. Any 
changes in tissue physiology resulting from abnormal tissues will lead to changes in the 
tissue’s electrical properties [75]. 
Many scientists and researchers have studied the dielectric properties of normal and 
abnormal human tissues over the microwave frequency band. In 1951, Cook et al. [76] 
investigated the dielectric properties of four types of human tissues at frequencies ranging 
from 1.7 to 5 GHz. It was shown that the dielectric properties and behaviours of most types 
of tissues follow the Debye dispersion equation. In 1952, that same research group 
measured the complex dielectric constants of human tissues in the 1.7–24 GHz range and 
reported that the results fitted the Debye dispersion equation if the effects of a frequency-
independent ionic conductivity were allowed [77]. To check whether or not animal tissues 
have similar electrical properties to human tissues, the electric conductivity and permittivity 
of dog brain tissues in the frequency range from 0.1 to 10 GHz were studied [78]. The 
results show that although there are some differences between animal and human tissues, 
they are small enough to be useful for initial experiments.  
In another study, changes in the dielectric properties of bovine brain tissues at the low 
frequency range of 20 KHz to 100 MHz were examined at different times after animal 
death; the results showed that the relative permittivity of the brain tissues decreased with 
time after death while the conductivity increased [79].  
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In 1992, Campbell and Land [80] sought to measure the dielectric properties of normal and 
malignant breast tissues at a frequency of 3.2 GHz; they found a significant dielectric 
contrast between normal and abnormal tissues and reported a much greater range of 
dielectric properties than in other studies. In 1994, Joines et al. [81] measured the relative 
permittivity and electrical conductivity of a variety of normal and diseased human tissues in 
the frequency range of 50 MHz to 900 MHz. The study showed that, for all the tested 
tissues in this frequency range, both the relative permittivity and electrical conductivity of 
the malignant tissues were higher than the relative permittivity and electrical conductivity of 
the normal tissues of the same types. In 1996, Gabriel et al. [82-84] conducted a large 
study of the dielectric properties of various types of post-mortem human and animal 
tissues over a wide frequency range from 10 GHz to 20 GHz. The studies provided 
measured data about the electrical properties of normal and abnormal tissues. A further 
study of dielectric spectroscopy of canine myocardium during acute ischaemic stroke using 
the frequency band from 100 KHz to 6 GHz demonstrated the ability to detect ischaemic 
from non-ischaemic tissues [85]. In 2003, Schmid et al. [86] studied the dielectric 
properties of brain tissues from 10 male and 10 female humans measured less than 10 
hours after death. The results showed that the electrical conductivity of the grey matter 
was higher than in the results based on animal brain samples and excised samples of 
human brain tissues measured more than 24 hours post-mortem [86]. 
For the purpose of improving and testing the microwave imaging system, there is a need 
for realistic phantoms. These phantoms require mimicking the dielectric properties of real 
human tissues at the microwave frequency range. In addition, a realistic shape of the 
phantom is recommended.  
 
4.3 Dielectric Properties and Measurements 
4.3.1 Dielectric Constant 
The definition of the dielectric constant of a substance or medium that can sustain an 
electric field within it (r()) is the ratio of the permittivity of the substance () to the 
permittivity of free space (0). The dielectric constant of various types of substance (r) is 
usually greater than one. The relative permittivity of a medium or substance can be 
decomposed into real and imaginary parts as follows [87] : 
𝒓() =  𝒓
′ () − 𝒊𝒓
" ()                                                                             (4. 1) 
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where 𝑟
′ ()is the dielectric permittivity and r
" () is the dielectric loss of the medium. 
The conductivity can be related to the imaginary part of the complex dielectric permittivity 
as follows [88]: 
() = 𝟐𝒇𝟎𝒓
"                                                                                                                                    (4. 2) 
Losses in the medium depend on the loss tangent of the material, which depends inversely 
on the wavelength of the signal and is directly proportional to the frequency. The loss 
tangent is a parameter of a dielectric material that quantifies the inherent dissipation of the 
electromagnetic energy and can be found from the following equation: 
𝒕𝒂𝒏 =  
𝒓
′ ()
𝒓
" ()
                                                                                               (4. 3) 
The propagation constant of the medium can be written as: 
 = 𝒊√ =  𝒊√′√𝟏 − 𝒊

′
                                                               (4. 4) 
where : is the permeability of the medium.  
 
A large variety of experimental techniques can be used to measure the dielectric constant 
of materials, including human and animal tissues at different microwave frequencies [89-
93]. These techniques do not directly measure the permittivity, but this can be inferred 
from the measured data of variables such as impedance, reflectivity and the transmission 
losses which are dependent on it. The common methods used to measure the complex 
permittivity of a medium are the resonant cavity, transmission line and open-ended coaxial 
transmission line methods.  
Measurements of the complex permittivity in microwave frequencies using the resonant 
cavity method have been used widely. This technique is classified as a single-mode cavity, 
when a dielectric material is placed inside the cavity. It is a cheap, simple and reliable 
method offering broadband measurements suitable for measuring materials with low 
dielectric properties and loss factors. However, it only allows measurements of the 
dielectric properties at one fixed frequency [26, 94]. 
The transmission line method has been widely used to characterise the rectangular patch 
antenna. It calculates the material complex permittivity in the short-circuit state where the 
material has to be placed inside the transmission line. The material permittivity is 
calculated from the characteristic and physical dimension of the transmission line. 
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However, this expensive method is only suitable for materials with a high loss factor [19, 
91, 95]. 
The open-ended coaxial probe is a commonly used method to determine the complex 
permittivity, dielectric constant and the loss factor of biological tissues at microwave 
frequencies [95-97]. This method produces relatively accurate results but is only suitable 
for the measurement of materials with high dielectric constant. The main concern here is 
that, for accurate measurements, the probe must be calibrated using a short circuit fitted at 
the end of the probe and a sample of known permittivity. This technique was used to 
measure the dielectric properties of 44 types of human tissues across the frequency band 
from 10 HZ to 20 GHz by Gabriel [98]. 
 
4.3.2 Tools and Calibration Technique 
In this study’s experiments, the Dielectric Coaxial Probe Kit HP85070B and the HP 
network analyser (HP8530A) are used in the microwave laboratory to measure the 
dielectric properties of materials. The dielectric probe provides information about the real 
and imaginary parts of the complex permittivity of a tested material across the frequency 
range from low microwave frequencies (200 MHz) to a high of about 20 GHz. It is also a 
high temperature ranging probe from -40 to 200 C allowing measurements of different 
kinds of materials such as liquids, solids and semi-solids. The calibration process starts by 
calibrating the dielectric probe for the measurements using three known standard 
techniques, namely, air, short-circuited stub and deionised water. Figure 4.1 shows the 
set-up of a dielectric probe when connected to the network analyser and a desktop 
computer. The following preparations of the dielectric probe are undertaken in order to 
obtain accurate measurements: 
1- To prevent any unnecessary movements during the experiments, the probe is locked 
into the mounting bracket of the probe stand.   
2- The probe is cleaned using iso-propane alcohol, deionised water and Kim wipes.  
3- The calibration process of measuring the three standard techniques is done in the order 
of air, short-circuited stub and deionised water. During the calibration steps, the relevant 
instructions and polar plot of the measurements of the three standards are displayed on 
the network analyser. 
4- A desktop computer is connected to the network analyser to collect and save the data.  
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5- Before recording any measurements, the probe is firmly secured against each sample 
for 5 to 15 minutes. 
6- For each sample, three measurements are taken and the results are averaged to get 
the final record.  
 
 
Figure 4.1: Dielectric probe set-up in the laboratory 
 
4.4 Measurement of the Dielectric Constant of Materials 
Suitable for Coupling Mediums and Phantom Fabrication 
This section explains the measurements of various organic materials and products, with 
the aim to assess the dielectric properties of these materials over the microwave 
frequency band from 1 to 11 GHz. The goal is to manufacture coupling mediums and 
human phantoms that could be easily used in feasibility studies of the microwave imaging 
systems. Several materials are tested to find those most suitable for the fabrication of 
artificial coupling mediums and phantoms.  
Researchers have conducted extensive investigations to find natural materials to fabricate 
artificial coupling mediums, phantoms and tissues to test the validity of microwave imaging 
systems [87, 99-103]. Such research has studied the known organic materials in order to 
select safe and low-cost materials that can mimic the electrical properties of the real 
tissues. In addition, researchers have mixed more than one material to produce new 
mixtures that have electrical properties similar to the electrical properties of specific 
tissues. 
Glycerine has been used in research as a coupling medium because it has a dielectric 
constant that is close to the dielectric constant of normal breast tissue [27, 73, 104]. Corn 
syrup has also been suggested by many research groups as a suitable, cost-effective 
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material to be used to fabricate artificial phantom tissues and coupling mediums for 
microwave imaging systems [101-103]. Corn syrup when mixed with water in different 
concentrations has a very low permittivity and conductivity and is used to represent 
different kinds of tissues and as a matching medium for the breast imaging system. 
Vegetable oil is one of the common materials used to represent human tissues and as a 
coupling medium for microwave imaging systems [80, 105]; however, it has a low 
permittivity value. 
In [87], oil-in-gelatine at different percentages was used to construct a variety of human 
heterogeneous phantoms with long-term stability over the microwave frequency band. 
Agar and gelatine phantoms were also used to fabricate phantoms for the microwave 
imaging system [87, 99, 102]. Saline coupling was used in the development of a 
microwave imaging system for non-invasive monitoring of temperature distribution in 
human tissues [73].  
 
4.4.1 Results and Discussion 
This section presents some of the primary material candidates to be used to fabricate the 
desired coupling medium and artificial phantoms for the proposed imaging systems. The 
measured results of various materials are presented and the dielectric properties of those 
materials across the desired frequency band are assessed.  
 
A. Results on materials for the breast imaging system 
The materials that can be used to build the required coupling medium and phantom for the 
breast imaging system are tested across the frequency band from 1–11 GHz. The 
available measured properties of the real breast tissues are used as a guide to find the 
most suitable candidate [106, 107]. 
Pure glycerine, vegetable oil and dry cornflour possess close relative permittivity to normal 
breast tissue. The measured data of these materials are compared with the available data 
on normal breast tissue, and the results are shown in Figure 4.2. Pure glycerine provides 
close agreement in terms of permittivity; however, its conductivity is higher than the normal 
breast tissue. Oil and cornflour have low permittivity compared with the fat tissue of the 
breast, while the conductivity of these materials shows a close match. 
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Baby lotion and cornflour-water are possible candidates to represent the skin tissue. The 
permittivity of the baby lotion is 39.5 at a centre frequency of 5.5 GHz and the conductivity 
is around 3.9 S/m. Cornflour-water of 60:40 proportions is shown to have relative 
permittivity of 36 and conductivity of 4.3 S/m at the centre frequency of 5.5 GHz. Figure 
4.3 shows the results of the comparison between the measured data of these materials 
and the data on real tissue. It is clear that there are only small differences between the 
baby lotion and cornflour-water and the properties of the real tissue, making both materials 
a good choice to represent the skin. However, the conductivity of the cornflour-water is 
higher than the conductivity of the skin.  
Based on the measurement results, the best candidates to represent the gland and tumor 
are found to be gelatine and agar. The measured data are compared with the real data 
available on these tissues. The permittivity of the gland at the centre frequency of 5.5 GHz 
is 57 and the permittivity for the gelatine and agar is 63.5 and 62, respectively. Tumor 
tissue is mainly comprised of bodily fluid and blood, which results in a high dielectric 
constant. Therefore, the best candidate material to represent this tissue is found to be 
water with a permittivity of 72.5 at the centre frequency of 5.5 GHz compared with a tumor 
with a permittivity of 61.5. Gelatin and agar can represent the tumor when mixed with a 
specific percentage of water. Figure 4.4 shows the plots of these data compared with the 
data on real tissues. 
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Figure 4.2: Dielectric properties of different materials and fat tissue – (a) Relative 
permittivity 
 
Figure 4.2: Dielectric properties of different materials and fat tissue – (b) Conductivity 
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Figure 4.3: Dielectric properties of different materials and skin tissue – (a) Relative 
permittivity 
 
Figure 4.3: Dielectric properties of different materials and skin tissue – (b) Conductivity 
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Figure 4.4: Dielectric properties of different materials, gland and tumor tissues – (a) 
Relative permittivity 
 
Figure 4.4: Dielectric properties of different materials, gland and tumor tissues – (b) 
Conductivity 
 
B. Results on materials for the head imaging system 
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Measurements are done across the frequency band of 1–4 GHz with the aim to find the 
best candidate materials to build a suitable coupling medium and realistic artificial head 
phantoms for the head imaging system. The measured data are compared with the 
available data on real head tissues [84, 104].  
Figure 4.5 shows the measured dielectric constants of hair conditioner and baby lotion. 
The dielectric properties of the hair conditioner and baby lotion show a close match to the 
dielectric properties of the grey and white matter of the human brain, respectively, in terms 
of permittivity and conductivity. The small differences in both the permittivity and 
conductivity make them approporate choices to represent the real tissues. However, these 
chemical materials only represent a simple phantom in a simple cylindrical container and it 
is difficult to form a realistic head shape. To overcome this problem and build a more 
realistic head phantom that can reflect the heterogeneity of the head tissues, a trial is 
conducted to mix some materials approaching a semi-solid state that can be used to form 
a realistic shape. The mixture of cornflour and water in different percentages is found to 
provide dielectric constant properties close to the data on real grey and white matter in 
terms of permittivity; however, its conductivity is higher than the conductivity of both the 
white matter and grey matter tissues. Figure 4.5 shows the measured data of the mixtures 
compared with the real data on grey and white matters. The ratio of cornflour-water in the 
first mixture is 55:45 and the ratio in the second mixture is 43:50.  
Water, agar and gelatine possess similarities to the dielectric properties of blood and CSF 
tissues, as depicted in Figure 4.6 . Agar and gelatine with permittivity values of 70 and 68, 
respectively, at a centre frequency of 2.5 GHz are suitable materials to represent CSF 
tissues with permittivity of 64 at a centre frequency of 2.5 GHz. However, the conductivity 
of both the agar and gelatine is lower than the conductivity of CSF tissues. In contrast, the 
conductivity of water is close to the conductivity of these tissues, while the permittivity of 
water is higher than the permittivity of CSF. Mixing water with other materials can obtain 
the best matches. Water, agar and gelatine have permittivity and conductivity that is higher 
than CSF; however, these materials still can be used to represent blood tissue by mixing 
them with other materials such as cornflour in order to reduce both the permittivity and 
conductivity.  
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Figure 4.5 (a): Dielectric properties of different materials, grey and white matter tissues – 
Relative permittivity 
 
Figure 4.5 (b): Dielectric properties of different materials, grey and white matter tissues – 
Conductivity 
 
 
79 
 
 
 
Figure 4.6 (a): Dielectric properties of different materials, blood and CSF tissues – Relative 
permittivity 
 
Figure 4.6 (b): Dielectric properties of different materials, blood and CSF tissues – 
Conductivity 
 
4.5 Coupling Medium Design 
4.5.1 Coupling Medium for Breast Imaging Systems 
The measured dielectric properties of the candidate materials and the available data on 
the real breast tissue measurements are used to find the best matching medium for the 
imaging system in order to achieve a high dynamic range and to reduce the 
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reflected/scattered signals. Breast tissue is a heterogeneous material containing fat lobes 
and fibro-glandular lobes. However, most breasts contain abundant fatty tissues [106, 
108]. Therefore, the selected coupling medium should have a permittivity equal to about 
10.2 which is close to the average normal breast tissues [103]. 
Pure glycerine is the best candidate to start with as it has dielectric properties close to 
healthy breast tissues as mentioned previously. However, a recent study found that the 
permittivity of normal breast tissue is higher than the permittivity of glycerine [103]. The 
other problem is the conductivity. Glycerine has higher conductivity than the conductivity of 
normal breast tissue, and the coupling medium should have low conductivity; thus making 
glycerine a poor choice for use as a coupling medium for the breast imaging system.  
In order to increase the level of glycerine permittivity, it is mixed with water in different 
percentages until it reaches a very close match. In mixture1, the mixing with water 
increases the level of permittivity but also increases the level of conductivity. Cornflour is 
therefore added to reduce the conductivity. In mixture2, portions of cornflour are added 
gradually and the characteristics of the mixture are measured at each step until a close 
match is obtained. It is found that a mixture of nine parts of glycerine mixed with a ½-part 
water and two parts of cornflour produce the best match when compared with real breast 
tissues. The measured permittivity and conductivity of mixture1 and mixture2 compared 
with the data on normal breast tissue are shown in Figure 4.7, with mixture2 providing 
good agreement in terms of the permittivity and conductivity. The physical characteristics 
of the coupling medium are held in suspension with the components. 
In order to verify the validity of the coupling medium for the proposed imaging system, the 
measured data of the final mixture sample are loaded into the CST Microwave Studio 
software. The data on the coupling medium are used in the simulation of the antenna 
designed for the breast imaging system. After that, the developed coupling medium is 
manufactured and used in the experiments to test the fabricated antenna. The results of 
the experiments are compared with the simulated result and a close agreement is 
achieved. 
The result of mixture 1 shows very low permittivity and higher conductivity than the fat 
tissue. While mixture 2 shows a small difference in the permittivity compared to the fat 
tissues with acceptable difference in the conductivity compared to the fat tissues.   
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Figure 4.7 (a): Variation of the permittivity for normal breast tissue and mixture1 (9 parts 
glycerine and 0.5 part water) and mixture2 (9 part glycerine, 0.5 water and 2 parts 
cornflour) 
 
Figure 4.7 (b): Variation of the conductivity for normal breast tissue and mixture1 (9 parts 
glycerine and 0.5 part water) and mixture2 (9 part glycerine, 0.5 water and 2 parts 
cornflour) 
 
4.5.2 Coupling Medium for Brain Imaging Systems 
The measured dielectric properties of the organic materials and the available data on the 
real brain tissue measurements are used to fabricate a suitable coupling medium for the 
 
 
82 
 
proposed imaging system. The human cerebrum is divided into two hemispheres: the 
central nervous system and the peripheral nervous system. The central nervous system 
consists of the brain and the spinal cord. The brain is divided wholly into grey and white 
matter. The outer layer is known as the cerebral cortex or the grey matter. This layer 
covers the nuclei deep within the cerebral hemisphere structure called the white matter, 
which mostly consists of myelinated axons. The grey matter fills about 40 per cent and the 
white matter fills about 60 per cent of the whole brain in humans [109]. The permittivity of 
the grey matter and white matter across the frequency band of 1 to 4 GHz changes from 
52.28 to 46.58 and from 38.57 to 34.47, respectively [82]. Therefore, the average 
permittivity of the soft tissues of the brain across this band will be approximately 42.975 at 
the centre frequency of 2.5 GHz. 
The grey and white matter constitute the most part of the human brain [109], and baby 
lotion and hair conditioner provide a close match to the dielectric constants of these 
tissues. Therefore, these materials could be used as a coupling medium for the head 
imaging system. However, the conductivity of these materials is still too high to be used as 
a coupling medium. Therefore, the optimum material to be used as a coupling medium for 
the head imaging system has the average permittivity of the soft tissues inside the head 
and low conductivity.  
Water is a suitable candidate for the coupling medium but it has high relative permittivity 
and high conductivity. To decrease the permittivity of the water, different materials are 
mixed in the laboratory. First, cornflour is mixed with water in different percentages and the 
mixtures are tested. The best relative permittivity is around 44 and the conductivity is 4.3 
S/m at the centre frequency from a mix of water and cornflour in the proportion of 55:45. 
This mixture shows a good permittivity compared to the average real brain tissues, but the 
conductivity is high. In addition, mixing the cornflour with water initially gave a 
homogenous liquid but after a few minutes the cornflour started to separate. Other 
materials are tried and it is found that a homogenous liquid can be provided by creating an 
oil-water emulsion using a proportion of surfactant. The use of a surfactant seems to have 
little effect on either the permittivity or conductivity of the emulsion. Polysorbate 80 
(Tween-80) is used as a surfactant for a mixture of grape seed oil and water in the process 
of creating an emulsion. Different percentages of all the materials are used in order to find 
the closest coupling medium for the proposed imaging system. It is found that a mixture of 
7 parts water and 30 parts of a solution comprising equal parts of grape seed oil and 
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polysorbate 80 (Tween-80) achieves the best possible matching between the designed 
antenna and the utilised head phantom. The measured variation of the dielectric 
permittivity and conductivity of the designed coupling medium for the frequency range from 
1 to 4 GHz is shown in Figure 4.8. 
In order to verify the validity of the designed coupling medium, the data on the measured 
dielectric properties are loaded into the CST Microwave Studio software and are used as a 
coupling medium in the simulation of the antenna designed for the head imaging system. 
After that, the developed coupling medium is manufactured and used in the experiments to 
test the fabricated antenna. The results of the experiments are compared with the 
simulated result and a close agreement is achieved. A general guide to select proper 
materials for producing a phantom begins with finding the closest matching material in 
terms of the permittivity and the conductivity of the required human tissue. Next, the 
material is either modified by adding water to increase the permittivity or adding corn flour 
to decrease it. In addition, to adjust the conductivity oil and salt are used. Together these 
processes are used to find correct materials that can be used to fabricate the mimicking. 
 
Figure 4.8: Variation of permittivity and conductivity with frequency for the oil-water 
emulsion-coupling medium 
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4.6 Phantom Fabrication 
4.6.1 Breast Phantom for Planar Breast Imaging System 
In order to verify the validity of the planar UWB microwave imaging system, a low density 
heterogeneous breast phantom that includes mostly fatty tissues is designed [92, 110]. 
The breast phantom is designed to be immersed in a coupling medium to reduce the 
reflected/scattered signals and to increase the dynamic range. Therefore, the breast 
phantom is designed and manufactured to have electrical properties that closely match 
those of the coupling medium designed above in Section 4.5.1. In this planar system, it is 
suggested that the breast is placed on a plastic sheet and allowed to be slightly 
compressed to take a semi-rectangular shape; this allows for accurate image 
reconstruction using a planar array.   
The female breast is heterogeneous but its heterogeneity differs from one woman to 
another based on a woman’s breast density. The breast density depends on the 
percentage of the adipose and fibro-glandular tissues in a healthy breast. The materials 
tested above in Section 4.4 are used to develop the phantom. The compositions of the 
phantoms for healthy and unhealthy breast tissues are prepared separately to form the 
final phantom. 
For the healthy tissues, the guideline explained in [111] is used to form a semi-rectangular 
breast phantom with dimensions of 110 x 100 x 100 millimetres in width, height and depth, 
respectively. Starting with the fat tissues, 25 g of propylene glycol is mixed with 193 mL 
milli-Q water and 40 g of gelatine is added slowly while stirring. The mixture is heated 
gradually to 90 °C and then allowed to partially cool. In a separate bowl, 200 mL of grape 
seed oil is heated to 50 °C and added to the partially cooled gelatine mixture. The final 
mixture is cooled to 40 °C. Then, 1.512 g of 32% formalin solution and 2.2 mL of 
commercial dishwashing liquid acting as a surfactant are added to form an oil emulsion 
before being poured into the semi-rectangular shaped container. The quantities of 
propylene glycol and gelatine from the original formulation are changed during the 
manufacturing process to produce a phantom with permittivity and conductivity close to the 
realistic values of human tissues in [112, 113]. To make the developed phantom 
heterogeneous, the propylene glycol and gelatine are distributed randomly.   
To imitate tumor tissue, 200 g of gelatine, 328 ml of deionised water, and 17 ml of n-
propanol are mixed while stirring. The mixture is heated to 90 °C before being cooled to 
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about 40 °C when 30.4 ml of safflower oil is mixed with 2 ml of commercial dishwashing 
liquid to form the emulsion. Then, 3.72 g of formaldehyde and 0.346 g p-toluic acid are 
added to the emulsion. The final mixture is then added to the mixture of gelatine and 
cooled before being poured into the containers [114].  
It is worth mentioning that the developed phantom has a rectangular shape because the 
breast is assumed to be slightly pressed to obtain better imaging using the designed 
planar array. In order to use a final phantom representing healthy and unhealthy tissues 
for the purpose of imaging, it is necessary to differentiate between a normal phantom and 
a phantom with a tumor inserted in it. A plastic straw with a 0.5 mm radius and 25 mm 
length is filled with the manufactured tumor and inserted inside the normal breast 
phantom. The dielectric properties of all the samples are measured across the frequency 
range from 2 to 11 GHz. Figure 4.9 is a photograph of the sample under test and shows 
the final rectangular-shaped phantom ready for the test in the designed imaging system. 
Figure 4.10 shows the measured variation of the dielectric permittivity and conductivity 
with frequency for the manufactured phantom. The values are close to the values for 
realistic healthy breast tissues [108]. The measured variation of the dielectric properties of 
the fabricated tumor sample is shown in Figure 4.11. 
 
Figure 4.9: Breast fat sample under test 
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Figure 4.10: Variation of the average permittivity and conductivity with frequency for the 
manufactured phantom using water, gelatine, and grape seed oil 
 
Figure 4.11: Variation of the average permittivity and conductivity with frequency for the 
manufactured tumor sample (gelatine, water, and n-propanol)  
 
The measured results of both the permittivity and the conductivity of the manufactured 
tissues provide close values to healthy breast tissues of human. These results show the 
ability to use the phantoms to test the imaging system before moving to test on humans.  
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A review of the literature shows that most of the research efforts concerning microwave 
imaging of the human brain rely on computer simulations that are based on numerically 
formulated head phantoms derived from MRI scans [13, 37, 115, 116]. Experiments 
involving microwave imaging of realistic head phantoms are reported infrequently in the 
literature. Those few experiments involved the use of over-simplified head phantoms that 
do not resemble the correct shape of the human skull. In one study [117], the phantom 
consisted of eight plastic chambers filled with agar with different iron concentrations to 
represent the soft tissues of the brain. In another study, a plaster outer shell represented 
the skull, a gel was used for the grey matter, and a water-oil mixture was used for the 
white matter in a child’s head phantom [118]. In [86], a square slice of materials consisting 
of different percentages of liquid paraffin, distilled water, Tween-20, sodium chloride, 
TX151 gelling agent, imidazolidinyl urea and p-hydroxybenzoic acid methyl-ester were 
used as a human head phantom. 
An illustration of the tissues found in the human brain is shown in Figure 4.12. The main 
tissues which are needed in the formulation of any realistic head phantom are the skull, 
grey matter, white matter and CSF. 
 
 
Figure 4.12: Main tissues in human brain 
The following sub-sections present the fabrication and properties of a realistic head 
phantom that emulates the healthy and unhealthy tissues of the brain. A skull made in the 
form of a human head from polyvinyl chloride (PVC) with a dielectric constant of 
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approximately 3.1 is used as a shell to contain the fabricated brain tissues for the 
developed head phantoms.  
For cost-effectiveness, the materials tested above in Section 4.4 (water, cornflour, 
gelatine, agar and sodium-azide) are used as the main components to manufacture the 
proposed phantoms. The procedure is simple and fast as explained here in more detail. 
4.6.1.1 Homogenous Head Phantom Fabrication 
The SAM head phantom type EN50361 is widely used in commercial simulation tools such 
as the CST Microwave Studio [70], and the characteristics of this model are used as a 
guide for the fabricated phantom in this study. The electrical properties of the SAM head 
phantom are taken from the properties of a realistic human brain. SAM is characterised by 
an average permittivity of 42 and conductivity of 0.99 S/m.    
To create the materials that represent the brain tissues, the following steps are taken: 
A mixture of 9.5 g propylene glycol and 300 ml of water is heated gradually to 90 °C.  
50 mL of grape seed oil is heated to 50 °C and added to the mixture from Step 1. At this 
stage, 1.75 mL of commercial dishwashing liquid (Trix by ChemWatch Australia) is added 
as a surfactant to form an oil emulsion.  
The mixture from Step 2 is allowed to cool to 40 °C. At this stage, 0.44 g of sodium-azide 
is added to the mixture as an anti-bacterial to give the phantom a long life. 
In another beaker, a mixture of 25 g of cornflour with 100 mL of water is used to form a 
cornflour blend. This mixture is then added slowly while stirring the solution (generated 
from Step 3) at very low heat. This is stirred until a thick gel is obtained, and is then 
allowed to cool to room temperature to a dough-like consistency. This material is then 
packed into a model described later in this section. 
The dielectric properties of a sample from the fabricated tissues are measured and 
compared with the electrical properties of soft tissues inside the brain that are used in the 
commercial head model (SAM) and taken originally from [70] across the band from 1 to 4 
GHz. Figure 4.13 shows the measured permittivity and conductivity of the phantom and 
realistic tissues as adopted in the SAM model over the frequency range from 1 to 4 GHz. 
The results show an excellent agreement with the characteristics of the SAM head model 
over the same frequency range. The average permittivity of the real brain tissues varies 
from 40.5 at 1 GHz to 35 at 4 GHz. For the developed phantom, the permittivity varies 
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between 41.5 and 36 across the same band. Concerning the conductivity, the properties of 
the real tissues vary from 0.99 S/m at 1 GHz to 3.5 S/m at 4 GHz, whereas for the 
fabricated phantom, the conductivity varies between 0.85 and 3.75 S/m across the same 
band.  
To prove the stability of the fabricated brain tissues over a long period of time, the 
electrical properties of the developed tissues are measured four weeks after the 
production date. The results of the calculations are shown in Figure 4.14. It is clear that the 
change is very small (less than 5%). The properties are shown to decrease slightly with 
time and this can be related to the loss of some moisture through dehydration.  
After fabricating the mixture that represents the soft brain tissues and checking its 
electrical properties, the phantom is assembled. The mixture that represents the soft 
tissues inside the brain is inserted and pressed inside the upper and lower parts of the 
skull cavity. The final phantom is shown in Figure 4.15. 
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Figure 4.13: (a) Relative permittivity and (b) conductivity for the phantom materials 
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Figure 4.14: Comparison between the (a) relative permittivity and (b) conductivity of the 
freshly developed tissues and the tissues after four weeks 
 
 
Figure 4.15: Photograph of the developed phantom 
 
The resulted characteristics of the fabricated samples show a close agreement with the 
average of the soft tissues inside the head in terms of both the permittivity and the 
conductivity. These results encourage fabricating the phantom.    
 
 
 
 
Fig. 1: Photograph of the developed phantom. 
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4.6.1.2 Realistic Head Phantom Fabrication 
To achieve a close match with the real brain tissues, the measured dielectric properties of 
real brain tissues after death [84, 104] are used to fabricate different types of brain tissues. 
For this case, experiments to measure the dielectric properties of animal (lamb) brain 
tissues after death are also carried out. To test the electrical properties of brain tissues 
that are denied blood (akin to an ischaemic stroke), the electrical properties of ex-vivo 
lamb brain tissues are taken in lieu. The blood is removed from the tissues and 
subsequently the electrical properties of the lamb brain tissue are measured across the 
band from 1 to 4 GHz. The measurements of several slices from five different lamb brains 
are taken of the grey and white matters and the final results are taken as an average. The 
results are compared with the dielectric properties of human grey and white matters in 
data provided in [104]. The result of the comparison is shown in Figure 4.16. It is clear 
there are some differences between the human and lamb tissues in terms of the 
permittivity and conductivity, but there is still close agreement. Therefore, the properties of 
the dead tissues are assumed to be identical to those affected by an ischaemic stroke. As 
per the data in [79, 119], the electrical properties of healthy tissues can be calculated from 
those of ischaemic-affected tissues by increasing the values by around 10%. After 
confirming the dielectric properties of the brain tissues, the suggested materials are used 
to fabricate the materials needed to represent the main tissues in the brain. Figure 4.17 is 
a photograph of a slice undergoing measurements. 
 
(a) 
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(b) 
 
Figure 4.16: (a) Relative permittivity and (b) conductivity of real dead brain tissues of 
human and lamb 
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Figure 4.17: Photograph of slice of lamb brain under test 
 
To create the materials that can be used to represent the tissues in the head phantom, the 
following two sets of steps are taken for the grey and white matter and for the CSF and 
blood: 
A. Grey and white matters 
In a 2-litre beaker, at room temperature, ¼ part of cornflour and ¾ part of water as set out 
in Table 4.1 are mixed for each type of tissue. The mixture is stirred until it becomes 
viscous syrup.  
In another beaker, the quantity of gelatine or agar, as set out in Table 4-I, is added slowly 
while stirring in ¼ part of water. This mixture is heated gradually to 90 °C and 95 °C when 
gelatine and agar are used, respectively. This molten mixture is allowed to cool to 40 °C. 
At this stage, sodium-azide is added to the mixture as an anti-bacterial to give the 
phantom a long life with no effect on the permittivity or conductivity of the fabricated 
material. 
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The thickened cornflour syrup is heated gradually and, while at a very low heat, the 
mixture is added while stirring in the gelatine or agar solution (generated from Step 2). 
This is stirred until a thick gel is obtained and is allowed to cool to room temperature to a 
dough-like consistency. This material is then packed into a model as described later.  
 
B. CSF and blood 
1. In another beaker, at room temperature, a quantity of propylene glycol as shown in 
Table 4.1 is mixed with water at room temperature and heated gradually. Gelatine or 
agar is gradually added to the mixture in the quantities shown in Table 4.1, and then 
stirred to 90 and 95 °C for the gelatine and agar, respectively. 
2. The mixture is cooled to 40 °C and sodium-azide is added with stirring. 
3. Cornflour is added in small portions while stirring on a very low heat until a uniform 
solution is achieved. 
4. The mixture is poured into small containers and cooled to 4 °C. 
 
The prepared samples are then tested using the dielectric constant measurement in order 
to check the permittivity and conductivity. The results are compared with the available data 
on the real tissues.  
 
Table 4-II: Materials needed to form CSF, grey matter, white matter, haemorrhagic stroke 
(blood) 
Materials  
CSF 
Grey matter 
dead/alive 
White matter 
dead/alive 
 
Blood 
Water (mL) 150 560/570 350/364 100 
Corn flour (g) 5.45 350/286 200/185 12.8 
Gelatine (g) 0 0/0 10.5/9.8 24 
Agar (g) 20.2 18.5/17.7 0/0 0 
Sodium-azide (g) 0.15 0.56/0.57 0.35/0.36 0.1 
Propylene glycol(g) 4 0/0 0/0 0 
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Figure 4.18 shows the measured permittivity and conductivity of the testing samples 
compared with the permittivity and conductivity of the real head tissues. For the real grey 
matter, the permittivity and conductivity of the real tissues change from 52.3 at 1 GHz to 
46.5 at 4 GHz, and from 0.9 S/m at 1 GHz to 3.1 S/m at 4 GHz, respectively. The 
fabricated material has a relative permittivity that varies between 57.5 and 51.25, whereas 
the conductivity varies between 0.6 and 3.7 S/m across the same band.  
The properties of the real human white matter vary in the same frequency range from 38 to 
34.5 for the permittivity, and from 0.5 to 2.2 S/m for the conductivity. The variations for the 
developed material change from 42.5 to 37.75 for the permittivity, and from 0.9 to 2.6 S/m 
for the conductivity. 
For the blood needed to emulate bleeding, the values of the permittivity and conductivity 
change across the range from 61.1 to 56.2 and 1.5 to 4.1 S/m, respectively. For the 
fabricated materials, the range of change is from 62.5 to 56.5 for the permittivity and from 
1.3 to 4.3 S/m for the conductivity across the investigated band.  
From the previous discussion and the shape of the variations indicated in Figure 4.18 it is 
clear that a close alignment is generally achieved between the properties of the real and 
fabricated tissues across the wide frequency band from 1 to 4 GHz which covers all the 
sub-bands currently used for brain imaging. It is worth mentioning that the slight difference 
between the properties of the fabricated and real tissues is within the variability in the 
properties among different individuals.  
To ensure the stability of the properties of the developed phantom, the electrical 
characteristics of the different tissues forming the phantom are measured after 4 weeks 
from production. Figure 4.19 shows the comparison between the properties of the freshly 
developed samples of the two main tissues of the brain (grey and white matter) and the 
properties of the samples after 4 weeks. There is only a slight change of around 2% on 
average due to the loss of some moisture over time through dehydration. For the other 
developed tissues, no change is noticed in the properties. 
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Figure 4.18: (a) Relative permittivity and (b) conductivity for real and developed brain 
tissues 
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Figure 4.19: (a) Relative permittivity and (b) conductivity of the freshly manufactured 
samples and the samples after 4 weeks 
 
After fabricating all the mixtures that represent the different tissues of the brain and making 
sure of their electrical properties, the phantom is assembled. A brush is used to spread 
CSF-substitute on the inner boundary of the skull, and the skull with the liquidised CSF-
substitute is cooled to 4 °C so that the CSF-layer retains its shape and position. This step 
is repeated several times until the thickness of the CSF-layer emulates the realistic value 
of approximately 2 mm.   
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The mixture that represents the grey matter is then inserted inside the skull cavity, and a 
scalpel is used to remove part of the grey matter mixture to make a space for the white 
matter according to the human brain tissues shown above in Figure 4.12. The mixture 
mimicking the white matter is inserted and pressed inside the cavity. The final phantom 
includes the four main layers as shown in Figure 4.20. Samples of the fabricated materials 
of blood and CSF used later in the experiments are shown in Figure 4.21. 
 
 
Figure 4.20: Photograph of the developed phantom 
 
 
                            (a)                         (b)                              (c) 
Figure 4.21: Prepared samples of developed (a) CSF (b) Grey matter, and (c) White 
matter 
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4.6.1.3 Realistic Head Phantom with Hair 
One of the defining characteristics of mammals is hair, which is defined as a filamentous 
biomaterial that grows from follicles found in the dermis. In order to include its effect in the 
designed imaging system, it is important to know its dielectric properties across the 
microwave band. Unfortunately, the literature does not provide any data about the 
dielectric properties of hair. Therefore, a study is done to measure the permittivity and 
conductivity of different types of human head hair. In this study, samples of normal hair 
and dyed hair of males and females are collected randomly from a hairdressing shop.  
For measurement purposes, a large punch of hair of each sample is compressed hard to 
make sure that there is no air gap that can disturb the measurement through the dielectric 
probe. The dielectric properties of wig hair are also measured for use in the developed 
phantom. The characteristics of the wig hair are compared with real hair samples. For 
each type of hair, three measurements are taken and the results are averaged to get the 
final result. The measured data are obtained across the band from 0.2 to 20 GHz. 
Although measurements are only required from 1- 4 GHz for the microwave-based brain 
imaging, we measured those properties across the band from 0.2 GHz to 20 GHz as the 
results might be useful to other researchers working at other bands. Figure 4.22 shows the 
relative permittivity of the hair samples. The results show high permittivity for the normal 
hair sample compared with the dyed and wig samples. The permittivity of normal hair 
changes from 1.475 at 0.2 GHz to 1.268 at 20 GHz. The dyed hair changes from 1.265 at 
0.2 GHz to 1.15 at 20 GHz, while for the wig hair at 0.2 GHz and 20 GHz the permittivity 
changes from 1.18 to 1.1, respectively. A close match is indicated in the samples of wigs 
and dyed hair compared to normal hair. The conductivity of the hair samples is shown in 
Figure 4.23. It can be seen that the conductivity of normal hair samples is higher than 
those of dyed and wig samples. The conductivity of the normal hair changes from 0.017 at 
0.2 GHz to 1.3 at 20 GHz and from 0.0135 at 0.2 GHz to 1.15 at 20 GHz, while the 
conductivity of the wig samples changes from 0.0125 at 0.2 GHz to 0.95 at 20 GHz. 
To include the effect of the hair in the imaging, a wig is used to represent human hair in 
the developed phantom. After fabricating all the tissues in the previous section, the top 
part of the skull is joined to the bottom section. Next, a gel with an average dielectric 
constant of 38 is spread on the top surface to represent the skin. Finally, the wig is 
attached to the phantom.  Figure 4.24 shows the final head phantom with and without the 
wig. The low permittivity of the hair has a minimal effect on the scattered signal. 
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Figure 4.22: Relative permittivity of hair samples 
 
 
Figure 4.23: Conductivity of hair samples 
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Figure 4.24: Final developed phantom (a) without the wig and (b) with the wig 
 
4.7 Conclusion 
This chapter reported an experimental investigation into the microwave properties of 
different materials that can be used to test and improve the quality of microwave imaging 
systems. The experiments included the measurements of the permittivity and conductivity 
of these materials across the microwave frequency band. In microwave imaging systems, 
the transmitted signal has to be directly coupled to the imaged object. An imaging system 
without a coupling medium will result in a high reflection at the air–skin interface. A 
coupling medium can significantly reduce the reflected/scattered signals at the interface 
between the antenna and the imaged object; this, in turn, can achieve the best matching 
with the human tissues and improve the dynamic range. 
The development of the coupling medium for the proposed breast microwave imaging 
system considered the fact that the breast tissue is heterogeneous and that most female 
breasts contain abundant fatty tissues. Therefore, the coupling medium for this system 
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was designed to have dielectric properties close to the average dielectric properties of fat 
tissues inside the breast with low conductive loss. For the proposed head imaging system 
and in order to obtain the best matches between the head tissues and the imaging system, 
the coupling medium was designed to have average permittivity close to the average of 
the soft tissues inside the head with low conductive loss.  
The second part of this chapter outlined the development of artificial phantoms that can be 
used to test the proposed imaging systems. The motivation for building these phantoms 
was to test and improve the imaging systems before moving confidently to perform 
experiments on animals or human beings. First, a low-density heterogeneous breast 
phantom with a rectangular shape was developed. The phantom can be used to test a 
planar microwave imaging system for breast cancer detection. This system supposes that 
the real breast is placed on a plate to take a semi-rectangular shape to obtain more 
accurate imaging.  
The development of head phantoms that can be used to test a head imaging system was 
then reported. The developed head phantom includes a simple phantom that represents 
the average properties of the soft tissues inside the skull and a more realistic phantom that 
reflects the actual contents of the skull, namely grey and white matter and CSF. A further 
development was the addition of materials to replicate the effect of the skin and hair.  
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Chapter 5 Development of Breast Imaging 
System 
5.1 Introduction 
This chapter presents the design of a scanning system for breast cancer. A planar 
microwave imaging system employing UWB microwave signals for the potential detection 
of tumors in breast tissues is designed and explained. 
For the breast scanning system designed in this chapter, a planar antenna array 
comprising 6 x 2 UWB antenna elements in the form of compact corrugated tapered slot 
antennas as fabricated in Chapter three is used. The breast is placed on a plastic sheet 
and slightly compressed to give a semi-rectangular shape that assists accurate image 
reconstruction using the planar array. Both the array and the phantom are immersed in a 
carefully designed coupling medium with a suitable dielectric constant to increase the 
signal penetration, and thus, increase the dynamic range of the system. In order to 
quantify the effect of changing the number of elements and the position of the elements in 
the array, image reconstruction is undertaken in three different configurations, namely, a 6-
element array, a 12-element array, and a 12-element array with 90 rotation of the 
phantom. 
 
5.2 Concept of Confocal Microwave Imaging 
The concept of using confocal microwave imaging (CMI) systems in breast tumor detection 
was first introduced by Fear et al.[23], and Hagness et al.[20, 25]. they have shown 
promising results. In this technique, also known as delay-and-sum beamforming the 
physical basis of abnormal tissues detection is the significant contrast in dielectric 
properties of normal and abnormal breast tissues at microwave frequencies. An antenna 
or an antenna array is placed at different locations from the imaged body and used to 
illuminate the breast with an UWB pulse of transmitted from the antenna. The 
backscattered signals from the imaged object to a particular antenna position or from the 
array are recorded. Microwave imaging focuses on backscattered signals from the imaged 
object. The amplitude and the relative arrival time of this backscattered signal are used to 
form a map like an image. Unhealthy tissues produce larger microwave scattering in 
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contrast to the healthy tissue. The reconstructed image is created by time shifting and 
summing data from each calibrated, integrated waveform from each synthetic focal point in 
the breast as shown Figure 5.1. 
CMI divides the breast region into a fine grid or focal point. The distances from the 
antenna to the focal points are calculated and these distances are then used to find the 
time delays. The time shifting data are used to get the signal values from the received 
signal to generate the intensity values. The intensity values are then mapped and an 
image is generated to identify the tumor location. 
 
Figure 5.1: Simple delay-and-sum beamformer [120] 
 
Planar and cylindrical system configurations are the most popular form of CMI and have 
been investigated for breast cancer detection by many researchers. In the planar 
configuration, the antenna scans the surface of a naturally flattened breast when the 
patient is oriented in a supine position in order to create a synthetic planar array, as shown 
in Figure 5.2 (a). For the cylindrical configuration, The antenna is rotated around the 
breast, creating a cylindrical array when the patient is oriented in a prone position and the 
breast is naturally extended, as shown Figure 5.2 (b) [108].  
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   (a)                                                             (b) 
Figure 5.2: Patient orientation (a) for planar configuration, and (b) for cylindrical 
configuration [108]. 
5.3 Scanning System Design 
Figure5.3 illustrates the configuration of the proposed UWB microwave imaging system 
comprising the planar array and a number of other parts, namely, the microwave source, 
electronic sub-system coaxial switches, and a personal computer that is used for the 
measurements, data storage and processing. A breast phantom is used to verify the 
imaging results of the proposed system. The scanning systems are controlled by keys in 
the PC Graphical User Interface (GUI) window to collect these parameters. The microwave 
source used in the system is the ZVA 24 VNA. The capability of the VNA is used to 
convert the measured S-parameters from the frequency domain into the time domain for 
the image reconstruction. In addition, the calibration technique for the VNA ports and the 
antennas are very important in any successful imaging system. The following section 
provides the details of the microwave source, the switching system, the PC and the 
calibration technique used in the system’s measurements.  
 
5.3.1 Microwave Source 
The microwave imaging system uses the four-port ZVA 24 VNA as a source to generate 
the microwave signals. It operates from 10 MHz to 24 GHz frequency range. The VNA is 
designed to ensure high sensitivity and a wide dynamic range over the entire range up to 
24 GHz using a fundamental mixing concept. It features large bandwidths and extremely 
fast synthesisers allowing for short measurement times and, thus, provides high 
throughput in manual adjustments and automated production sequences. The VNA is 
capable of fast continuous measurement, with less than 3.5 us per measurement. For a 
typical frequency sweep of 200 points, the total measurement time will be less than 5 
minutes. Due to the analyser’s wide dynamic range and low phase noise, this speed 
advantage does not compromise measurement accuracy. In addition to the manual 
calibration using the three standards, the VNA also can be calibrated automatically using 
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the calibration unit, which is fast, has low error, and is highly precise compared to the 
manual calibration. In addition, the VNA provides a reconfigurable firmware that can be 
remotely controlled by computer facilities for the measurement and data transfer. 
 
 
Figure 5.3: Configuration of the microwave imaging system for breast cancer detection 
 
5.3.2 Switching System 
The proposed imaging system uses a switching system consisting of two electro-
mechanical coaxial switches (50S-1317). The system offers more than 70 dB isolation and 
0.2 dB insertion loss across the 3 to 11 GHz band. Figure 5.4 shows the configuration of 
the switching system. Each group of six elements of the array is connected to the output 
ports of the electro-mechanical coaxial switches, which operate at 12 V and require 325 
mA of current. The collection of either the time-domain or frequency-domain scattered data 
from all the elements of the array is achieved by activating the VNA from the control PC.  
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Figure 5.4: Diagram of the switching system used in the imaging system 
 
5.3.3 Personal Computer  
In the proposed imaging system, a PC plays an essential role in the synchronisation and 
collection of data. It is used to control the mode of the operation of the system as follows: 
1. The PC sends a start signal to the VNA and allows the VNA to be remote 
controlled.  
2. The transmitting antenna is then selected by the coaxial switches. The switches are 
toggled by a USB interface controlled by the microwave imaging software through 
the PC. 
3. The switching system then allows the measurement data for the corresponding set 
of antennas to be saved on the PC. 
4. Steps 1–3 are repeated to allow the second port of the VNA to send the signal to 
collect the measurement data from another corresponding set of antennas and save 
the data on the PC.   
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5.3.4 VNA Calibration Technique 
To test the imaging system and verify its accuracy in measurement and data collection, a 
calibration technique involving the measurement of three known standards, namely, the 
open-circuit, short-circuit and matched load standards, is used. The results allow the three 
major sources of error during the measurements to be characterised. The HP 8530A VNA 
calibration reduces system-induced errors significantly. This is achieved by measuring the 
magnitude and phase response of one or more of these high quality standards. The 
standards are placed one at a time where the device under test would normally be at the 
end of a certain cable. This eliminates errors caused by the cable and its associated 
connectors. This location is called the “test port”. To test the array elements and compare 
the measured results with the simulation, the VNA is calibrated using the calibration 
technique in  [88]. 
 
5.4 Planar Antenna Array Design 
A planar antenna array comprising of 6 x 2 corrugated tapered slot antennas is created in 
the CST Microwave Studio software in the manner shown in Figure 5.5. In the simulation, 
the antenna elements are supported by a plastic sheet that has a dielectric constant equal 
to 3.1. As illustrated in the figure, the antenna elements are arranged in a manner that 
aimed at using the available space most efficiently to fit normal breast size. In addition, this 
arrangement avoid the effect of the mutual coupling between the array elements.   
The two important parameters that define the effectiveness of this array are the return loss 
of each of the elements that form the array and the level of mutual coupling between the 
different elements. The horizontal space between the elements (hs) and the vertical space 
(vs) (shown in Figure 5.5) are optimised for minimum values that make the value between 
the array elements more than 20 dB and the return loss of each element more than 10 dB, 
assuming the array is immersed in the developed coupling liquid and in front of the imaged 
breast.  
The corrugated TSA to work in the coupling medium designed in Chapter 3 is used to form 
the planar array. The optimised values for (hs) and (vs) are found to be 19 and 4 mm, 
respectively, using the CST Microwave Studio software. In order to verify the validity of the 
array before fabrication, the array is tested in the presence of the breast phantom via 
simulation. This model consists of a multi-layer breast model with skin thickness of 1 mm, 
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fat thickness of 50 mm, glandular thickness of 30 mm, and another fat thickness of 50 mm. 
Figure 5.6 shows the designed array in the presence of the breast multi-layer breast 
phantom.  
The trust-region framework method in the CST Microwave Studio software is used to 
observe the return loss of the antennas, the mutual coupling between each pair of array 
elements and to find the minimum distance between the elements of the array with mutual 
coupling less  than -20 dB as a reference. The worst case of the mutual coupling  occurs 
between the nearest elements in the array. Figure 5.7 shows the simulated return loss of 
the array elements. It can be seen that the return loss that is more than 10 dB across the 
band from 3.1 to 10.6 GHz. The calculated mutual coupling between the different elements 
of the array is shown in Figure 5.8 for the case where the distance between the array and 
the breast phantom is 30 mm. It is clear that the array has a good performance concerning 
the level of mutual coupling between any pair of antennas, which is less than -25 dB 
across the band from 3.1 to 10.6 GHz.  
According to the presented performance of the designed array, it is clear that it is suitable 
for its planned use in the proposed microwave imaging system for breast cancer detection. 
 
 
 
Figure 5.5: Configuration of the 6 x 2 planar antennas array shown in Figure 5.3 the 
array has dimensions of 1.3mm x1.1mm 
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Figure 5.6: Array with the imaged breast phantom 
 
 
Figure 5.7: Reflection coefficient of selected antenna element in the array 
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Figure 5.8: Simulation mutual coupling between each pair of elements in the antenna array 
 
5.5 Array and Platform Fabrication 
After verifying the characteristics of the array via simulation, the array is built. First, the 12 
tapered corrugated tapered slot antenna elements are fabricated and tested 
experimentally to ensure all of the elements have the same characteristics. Each antenna 
has dimensions of 40 mm length and 22 mm width, as shown in Figures 5.9 (a) and (b). 
The number of elements in the array is chosen to fit the general size of the human breast 
while maintaining a reasonably low level of mutual coupling between the elements of the 
array. In addition, the array elements are arranged in two shifting lines to enable two slices 
of the phantom to be scanned at the same time. The antennas are inserted in a plastic 
sheet through a slot and glued as shown in Figure 5.9 (c). Next, the plastic sheet with the 
attached antenna is placed in a platform that supports the planar array. This consists of a 
box with the dimensions of 250 mm x 300 mm x 150 mm width, length and depth, 
respectively. The box has a stand to hold the breast phantom which has a semi-
rectangular shape due to a slight compression caused by the platform’s lower plate. This 
stand can be moved up and down to scan the whole phantom and is adjustable so that the 
distance between the array and the phantom can be controlled for the optimum value. The 
configuration of the platform with the array is shown in Figure 5.10. 
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To confirm the performance of the array, the array is tested experimentally. The test is 
performed when the platform is filled with the fabricated coupling medium designed in 
Chapter 4 for breast imaging system. Figure 5.11 shows the measured reflection 
coefficient of one chosen antenna and the worst case of mutual coupling between the 
different elements of the array. It is clear from the results that the array has good 
performance concerning the level of mutual coupling between any pair of antennas which 
is less than -25 dB across the band from 3.1 to 10.6 GHz. In addition, the level of the 
measured mutual coupling between any pair of antennas is compared with the level of the 
simulated mutual coupling. The result, as illustrated in Figure 5.12, shows good 
agreement. 
 
(a)                                                       (b) 
  
(c) 
Figure 5.9: Photos of manufactured antenna (a) ground side with and without cover, (b) 
top radiator with and without cover, and (c) 6 × 2 elements planar array 
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Figure 5.10: Photograph of the supporting plastic platform 
 
 
Figure 5.11: Measured reflection coefficient of antenna 1 and the mutual coupling between 
two selected pairs of elements 
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(a) 
 
(b) 
Figure 5.12: Mutual coupling between the selected antenna elements – (a) S2,3 and (b) 
S10,9 
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To test the array in a realistic environment, a heterogeneous breast phantom fabricated in 
accordance with the details in Chapter 4 is used. Figure 5.13 shows the manufactured 
phantom when it is placed on the platform without and with the coupling medium. The 
phantom is inserted inside the platform and a plastic holder is used to prevent floating 
when the platform fills with the coupling medium. The antenna elements are then tested. In 
this test, the return loss is measured in two cases. In the first case, the coupling medium is 
not used, that is, a free space is available between the array and the phantom. In the 
second case, the designed coupling medium is used to fill the platform. The results, as 
depicted in Figure 5.14, reveal the low values of the return loss especially at the lower part 
of the band when no coupling medium is used. This is due to the strong backscattering of 
the transmitted signal at the free space–phantom interface. Those undesired scattered 
signals are significantly reduced and the return loss is increased when the coupling 
medium is used, due to the matching at the antenna–coupling medium–phantom 
interfaces. 
 
              
 (a)                                                               (b) 
Figure 5.13: Photograph of the breast phantom inside the test platform – (a) without and 
(b) with the coupling medium 
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Figure 5.14: Reflection coefficient of the selected element #3 in the array in the presence 
of breast phantom free space and with the coupling medium 
 
5.6 Experimental Set Up for the Proposed Microwave Imaging 
System 
Figure 5.15 shows the experimental set-up of the microwave imaging system for breast 
cancer deduction. Prior to taking data for imaging purposes, the VNA is calibrated as 
mentioned above (Section 5.3.4) using three broad coaxial standards (short-circuit, open-
circuit and matched load standards). However, this calibration does not take into account 
the non-ideal performance of a UWB antenna. Therefore, a modified calibration is 
performed for the array elements in order to reduce the effect of the internal reflections of 
an antenna, as discussed in the next section.   
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Figure 5.15: Configuration of the microwave imaging system for breast cancer detection 
 
5.7 VNA and Array Element Calibration 
The VNA includes a probing antenna that has to be calibrated to compensate for any non-
ideal operation of this apparatus using the standard one-port calibration procedure 
involving the three broad coaxial standards. In order to reduce the non-ideal performance 
of the antenna elements, an error network model similar to the one used in the VNA one-
port calibration procedure must be applied. In this case, we need to define a two-port 
network with single-mode fields at Port #1 and Port #2 of the VNA. This condition can be 
easily applied for Port #1 which is a coaxial input port of the antenna. However, it is 
challenging for Port #2. Therefore, Port #2 can be defined as a virtual port outside the 
antenna region where the field is supposed to vary only in terms of the complex 
magnitude. Assuming that the wavefronts of the incident and the reflected waves at Port 
#2 are approximately the same, the reflection coefficient measured at the input port of the 
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antenna and the reflection coefficient experienced by a wave some distance away from the 
antenna aperture can be expressed by the bilinear transformation as follows [88] 
𝒊𝒏(𝒇𝒎) = 𝒆𝟏𝟏(𝒇𝒎) +  
𝒆𝟏𝟐 (𝒇𝒎)𝒆𝟐𝟏(𝒇𝒎)𝑳(𝒇𝒎)
𝟏 − 𝒆𝟐𝟐(𝒇𝒎)𝑳(𝒇𝒎)
                               (5. 1) 
Where {𝑒𝑖𝑘} are the transformation parameters, 𝐿 is the reflection coefficient defined at 
Port #2, and all are defined at a chosen frequency 𝑓 = 𝑓𝑚 . This is similar to the 
transformation analogous that is used in the VNA calibration for the refection coefficient 
measurements. Assuming |𝑒2222| << 1, then the equation (5.1) can be simplified as 
follows:  
𝒊𝒏(𝒇𝒎) ≅ 𝒆𝟏𝟏(𝒇𝒎) + 𝒆𝟏𝟐 (𝒇𝒎)𝒆𝟐𝟏(𝒇𝒎)𝑳(𝒇𝒎)                                (5. 2) 
This approximation results in the elimination of the internal antenna reverberations and 
provides clear information about the small echo signal.  
As indicated in Equation (5.1), term 𝒆𝟏𝟏 can be determined using 𝐿 = 0. This condition 
can be achieved by an antenna beaming power in a free space [25]. A similar procedure of 
subtracting the term 𝒆𝟏𝟏 but in the time domain was described in [14]. However, the 
frequency-domain expression, (Equation (5.1)) shows that subtracting 𝒆𝟏𝟏is only the first 
step in the VNA antenna calibration procedure to eliminate the internal antenna 
reverberations. 
 
5.8 Data Acquisition 
The experimental prototype system shown in Figure 5.15 is used in the monostatic mode 
of operation. The monostatic mode is operated when the 6 antenna element in the upper 
or lower part of the planar array are used to image the object. The mechanical movement 
and the mechanical rotation facility of the lift are used to move the phantom up and down 
and rotate it by 90° to allow collect another set of measurements.  
The UWB pulses are generated in both modes using the VNA in a step-frequency manner 
across the band from 3.1 to 10.6 GHz. In the first case, the data (complex S-parameters) 
are collected by activating either Port #1 (connected via a switch to the upper six 
elements) or Port #2 (connected to the lower six elements) of the VNA to record the data 
from the 6-antenna element in the upper or lower part of the planar array, S11, S22….S66 or 
S77, S88….S1212. The monostatic approach is chosen here as it has so far given 
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satisfactory results and avoids the complexity in hardware and software required for a 
multistatic approach.  
The object (rectangular breast phantom) is placed on the adjustable lift. The horizontal 
distance between the antenna and the phantom is fixed at 20 mm, while the vertical 
distance is adjusted to scan different slices from the phantom (the section with a target, 
and the section without a target). In the data acquisition, the data are first collected from 
port #1 for the upper part of the array that faces a certain upper slice of the phantom. The 
lift is then moved vertically a distance equal to 26 mm (the vertical distance between the 
two lines of the array) to ensure that the antennas in the lower part face the same slice 
faced previously by the upper part of the array. The data are then collected from Port #2 
and the data from Port #1 and Port #2 are combined. In this case, data from the 12 
antenna element at different locations (as the lower part of the array is shifted horizontally 
with respect to the upper part as indicated in Figure 5.9 (c)) with respect to the phantom 
are recorded in order to image the object. Finally, the collet ion of the data is repeated 
when the phantom is rotated 90° in order to allow Port #1 and Port #2 of the VNA to record 
the data of the 12  antenna element after the phantom is rotated by 90°. 
All the antenna elements are used as transmitters and receivers. Initial data for the two 
ports (S11 ….S1212) of the VNA are recorded when there is no imaged object present in the 
platform. These data are subsequently used to remove reflections caused by the platform. 
 
5.9 Microwave Imaging Using Semi-Rectangular Breast 
Phantom 
Prior to starting the measurements and data collection, the two ports of the VNA (Port #1 
and Port #2) are calibrated across the UWB frequency. Following the data collection, a 
post-processing algorithm is applied to reconstruct the images. A delay-and-sum confocal 
algorithm [37] with a slight change is used to reconstruct the rectangular-shaped breast 
phantom. In order to create accurate images, it is necessary to find the correct path on 
which the wavefront travels. For that reason, Fermat’s principle [121] is used to estimate 
the path of the wave. The principle states that the path resulting in the minimal propagation 
time is the real path. The electromagnetic signals travel in the coupling medium and the 
heterogeneous phantom; therefore, the average dielectric properties of the imaged body 
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must be estimated in order to accurately predict the length of the electrical path of the 
signal.  
The microwave imaging set-up data for this system are presented in Figure 5.16. The body 
to be imaged is assumed to be cuboid-shaped and is discretised at evenly spaced points. 
The points that lie on the surface are denoted by 𝑩𝒊(𝒙, 𝒚, 𝒛). Any discrete point inside the 
surface is denoted by 𝒑(𝒙, 𝒚, 𝒛). The body to be imaged has permittivity and conductivity 
that are denoted by 𝝐𝑷𝒉 and 𝝈𝑷𝒉, respectively. The coupled medium surrounding the body 
to be imaged has permittivity and conductivity of 𝝐𝒎 and 𝝈𝒎, respectively. The 12 antenna 
elements of the planar array are used as signal sources. Before the confocal process can 
be applied, it is necessary to perform the following pre-processing steps: 
𝑁  time-domain signals 𝐴𝑛(𝑡)  should be obtained where 𝑛 = 1, 2,3, … . . , 𝑁  (𝑁=12 in this 
work). The scattered signals can be obtained from the incident and the total field: 
𝑨𝒏
𝒔𝒄𝒂𝒕𝒕𝒆𝒓(𝒕) =  𝑨𝒏
𝒕𝒐𝒕𝒂𝒍(𝒕) − 𝑨𝒏
𝒊𝒏𝒄𝒊𝒅𝒆𝒏𝒕(𝒕)                                                   (5. 3) 
where 𝑛 = 1, 2,3, … . . , 𝑁. 
1. To cancel any background signals such as the reflections from the skin layer, the 
differences in the signals between the antennas are constructed. 
For 𝑛 = 1,2,3, … . , 𝑁 − 1:; 
𝑭𝒏(𝒕) =  𝑨𝒏
𝒔𝒄𝒂𝒕𝒕𝒆𝒓 − 𝑨𝒏+𝟏
𝒔𝒄𝒂𝒕𝒕𝒆𝒓 and 𝑭𝑵(𝒕) = 𝑨𝑵
𝒔𝒄𝒂𝒕𝒕𝒆𝒓 − 𝑨𝟏
𝒔𝒄𝒂𝒕𝒕𝒆𝒓                         (5. 4)     
In order to mathematically explain the iterative process of the imaging algorithm, it is 
convenient to define several mathematical sets. Referring to Figure 5.16, we consider the 
object to be discretised into points denoted by p defined in Euclidean space by (x, y, z) 
coordinates. Boundary points that exist on the edges of the body to be imaged are 
denoted as 𝑩𝒅 = {𝑩𝟏(𝒙, 𝒚, 𝒛), 𝑩𝟐(𝒙, 𝒚, 𝒛), 𝑩𝟑(𝒙, 𝒚, 𝒛), ⋯ ⋯ , 𝑩𝑵𝒃(𝒙, 𝒚, 𝒛) }  where  𝑩𝒊(𝒙, 𝒚, 𝒛)  is 
the 𝒊 boundary points in the rectangular space defined by the x, y and z coordinates, and 
𝑵𝒃  is the number of boundary points corresponding to the skin layer. The set which 
contains all the points in the body and on the surface is denoted as Z. The antenna spatial 
coordinates are denoted as {𝑨𝒏 =  𝑨𝒏𝟏(𝒙, 𝒚, 𝒛), 𝑨𝒏𝟐(𝒙, 𝒚, 𝒛), 𝑨𝒏𝟑(𝒙, 𝒚, 𝒛), ⋯ ⋯ , 𝑨𝒏𝑵(𝒙, 𝒚, 𝒛) } 
where 𝑨𝒏𝒊(𝒙, 𝒚, 𝒛) is the 𝒊𝒕𝒉 antenna and 𝑵 is the number of antennas. The elements in 
the top array are denoted by  𝑨𝒏𝟏 ,  𝑨𝒏𝟐 ,….,  𝑨𝒏𝟔,  while the lower array elements are 
denoted by 𝑨𝒏𝟕,  𝑨𝒏𝟖, …, 𝑨𝒏𝟏𝟐. The pseudo-code for the confocal imaging algorithm is:  
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Figure 5.16: Microwave imaging set-up used in the post-processing algorithm 
 
Here we implement Fermat’s principle by constructing all the possible propagation paths 
from the antenna to the boundary points, and then from the boundary points to the current 
point p; accordingly, our optimal path is the minimal electrical distance. We then obtain the 
time delay according to the distance and the velocity of the wave in the coupling medium 
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and in the phantom. A continuous colour image is produced using a shading operator to 
interpolate at the non-tested points. Strong intensity colours indicate the location of 
significant scattering objects. The average value of the permittivity and the conductivity for 
the breast phantom are set at 𝜖𝑝ℎ = 10 and 𝜎𝑝ℎ = 1.3, respectively. The average value of 
the permittivity and the conductivity for the background coupling medium are set at 𝜖𝑚 =
10 and 𝜎𝑚 = 1.3, respectively. The algorithm provides the iterative process to construct the 
image from the processed scattered data. The colour map intensity, denoted by 𝐼, is given 
as a function of 𝑝.  
To evaluate the effectiveness of the produced images, quantitative metrics are used [37]. 
In order to explain the metrics used, it is convenient to define a further set of points 𝓣 that 
map the location of the emulated tumor in the phantom.The first metric is the ratio of the 
average intensity value of points located in the tumor area, divided by the average 
intensity points in the normal breast tissues denoted as 𝑄 and defined as: 
𝑸 =
µ[𝑰 (𝒑)]
µ[𝑰(𝒑)]
𝒑 ∊ 𝓣
𝒑 ∉ 𝓣
                                                                                   (5. 5) 
where 𝜇[⦁] is the mean function. A higher value for this metric means the intensity of the 
tumor region is larger than the intensity of the background regions. The second metric 
represents the ratio of the maximum intensity value of the tumor area over the maximum 
intensity of the remaining points in the colour map, denoted by 𝛾,and given as: 
𝜸 =
𝒎𝒂𝒙[𝑰(𝒑)]
𝐦𝐚𝐱[𝐈(𝐩)] 
𝒑 ∊ 𝓣    
𝒑 ∉ 𝐙
                                                                            (5. 6) 
The third metric is the absolute distance between the location of the tumor and the location 
of the point with the maximum intensity given in the reconstructed image. If (t) denotes the 
centre of the tumor, this metric is defined as follows: 
𝑬 = ‖𝒑∗ − 𝒕‖                                                                                                   (5. 7) 
where: 
𝒑∗ =
𝒂𝒓𝒈𝒎𝒂𝒙[𝑰(𝒑)]
𝑓𝑜𝑟 𝒑 ∊ 𝓣
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5.10  Imaging Results 
The designed system is used to image the manufactured cuboid-shaped breast phantom. 
All the manufactured tumor samples are inserted inside a 5 mm diameter straw with a 25 
mm length. The imaging algorithms are explained in this section using 2-D and 3-D 
versions. 
5.10.1 Two-Dimensional Image Reconstruction using 6 Element Array 
A 2-D image reconstruction with the 6-element array is performed by collecting the time-
domain data from Port #1; subsequently, the time-domain S-parameters S11, S22… S66 are 
passed to the imaging algorithm. The emulated breast phantom including the tumor is 
placed 20 mm away from the centre of the upper part of the planar array. The phantom is 
centred to face the array. The target is inserted inside the breast phantom at location (35.5 
mm, 66.5 mm, 50 mm); this position is denoted T1. The algorithm is set to compute the 
image intensity at 2,618 evenly spaced (x, y) points at 1 mm intervals. On average, this 
takes 30 minutes to complete on a PC with an Intel Xeon X5650 processor and 48 GB of 
RAM. Figure 5.17(a) shows the imaging result of this configuration. It is clear that the 
system is successful in detecting the tumor. Another configuration is subsequently imaged 
with two emulated tumors at (24 mm, 54 mm, 35 mm) and (80 mm, 83 mm, 35 mm), 
denoted by T2 and T3, respectively. The result is shown in Figure 5.17 (b). It is clear from 
the results that the two targets are successfully detected.  
 In order to verify that the use of directive antennas in the array is necessary to resolve 
targets in the z direction, a test of the phantom with the target is performed by moving the 
phantom up or down a distance equal to 35 mm. This distance is measured to ensure that 
we are scanning the area in the breast phantom above or below the target level. The 
process in this section is repeated and the imaging result of the breast phantom above the 
target, and similarly below the target, is shown in Figure 5.17 (c). It is clear that this region 
appears without a scattering object.  
5.10.2 Two-Dimensional Image Reconstruction Using 12-Antenna 
Element 
A 2-D image reconstruction of the 12-antenna element array is performed by collecting the 
data from the upper and lower parts of the planar array. The time-domain scattered signals 
S11, S22, …., S66 are captured by port #1 of the VNA, and the signals S77, S88,…S1212 are 
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captured by Port #2. The signals are passed to the imaging algorithm. The imaging 
process is repeated for the same targets T1, T2 and T3, as mentioned in the previous 
section. A further emulated tumor is also used for this experiment at location (66 mm, 54 
mm, 50 mm), denoted by T4. This is to verify the ability of the planar array to detect targets 
that are further away from the array.   
Using the lift, the phantom is moved down by a distance of 26 mm to ensure the two lines 
of the array face the same section of the phantom. The distance between the array and 
the phantom is kept at 20 mm.  
The results of the image reconstruction for the phantom with T1 target and T4 target are 
shown in Figure 5.18 (a) and (b). The result of the image reconstruction of the phantom 
with dual targets (T2 and T3) is given in Figure 5.18 (c). Comparing the results from using 
the 12-element array (Figure 5.18 (a) and (c)) and from using the 6-element array (Figure 
5.17(a) and (b)), it is indicated that the background intensity of the non-tumor regions 
decreases when the number of elements in the array is increased.   
 
 
Figure 5.17: 2-D image reconstruction of 6-antenna element (a) one target, (b) two targets, 
and (c) without target 
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Figure 5.18: 2-D image reconstruction of 12-antenna element (a) one target (T1); (b) one 
target (T4); (c) two targets (T2 and T3) 
 
5.10.3 Two-Dimensional Image Reconstruction Using 12-Antenna 
Element with 90° Phantom Rotation 
Another 2-D image reconstruction of the 12-element array is performed. In this experiment, 
the S-parameters are recorded at 90° phantom rotation. This is done by collecting the data 
from Port #1 (as described above in Section 5.10.1) and subsequently rotating the 
phantom by 90° to collect the data again from the same port; however, in this case, the 
antenna array faces a different angle to the phantom. Therefore, two sets of S-parameter 
data – with and without phantom rotation – are collected. The phantom is moved down as 
in Section 5.10.2 and the data are collected again from Port #2 with and without phantom 
rotation. To set the imaging, we combine the data without rotation in the first and second 
groups and the data with the rotation. In this case, we have 12 datasets without phantom 
rotation and 12 datasets with phantom rotation. These datasets are used to compute the 
image of the phantom with T1, T2, T3 and T4 targets as shown in Figure 5.19 (a), (b) and 
(c). Compared with the previous imaging results, it is clear that the resolution of the target 
increases when the phantom rotation is performed. Again, the background intensity of the 
non-tumor regions has decreased.  For clinical requirements the another array can be built 
to image the breast from the side without moving the patients  
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Figure 5.19: 2-D image reconstruction of 12-antenna element with 90° phantom rotation – 
(a) one target (T1), (b) one target (T4), (c) two targets (T2 and T3) 
 
5.11 Three-Dimensional Image Results 
The previous experiments only consider image reconstruction in a two-dimensional plane 
because it allows the results to be obtained in a short period of time. We can, however, 
reconstruct the images in 3-D using the same algorithm. In this experiment, the algorithm 
computes the image intensity at 17,501 (x, y, z) points spaced at 4 mm intervals in the x, y 
and z direction. The body to be imaged is illuminated at different z-axis levels ranging from 
10 mm to 90 mm at 10 mm intervals. On average, it takes 6 hours to complete the image 
reconstruction process. For this case experiments results of one target (T4), and two 
targets (T2 and T3)  are  used in the reconstruction. Figures 5.20 (a) and (b) show the 3-D 
images produced by the proposed algorithm. These images are produced by plotting the 
voxels centred at the particular x, y and z coordinate when the intensity at that point is 
within 90% of the maximum intensity.. As shown in the figure, the proposed algorithm is 
successful in resolving single and multiple targets in the heterogeneous breast phantom.   
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(a) 
 
 
(b) 
Figure 5.20: 3-D image reconstruction of the phantom including (a) one target T4 at (x,y,z); 
and (b) two targets T2 at (x,y,z) and T3 at (x,y,z) 
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5.12 Metrics of the Reconstruction Images 
The metric parameters are calculated for the imaging results of the three cases explained 
in this chapter in order to evaluate the accuracy of the three utilised imaging techniques. 
Table 5.I presents the calculated values of the 𝑄, 𝛾 and 𝐸 parameters for the three cases. 
For the results of the experiment shown in Figure 5.17, the image intensity as depicted by 
𝑄 for T1 and T2 in the specific area of the tumor is 1.8 times more than the intensity of the 
background. For T3, the image intensity in the specific area of the tumor is 0.53 times 
more than the intensity of the background. In the same figure, the 𝛾 parameter is 1 for both 
T1 and T2, and 0.45 for T3. These results indicate that the tumor has the strongest 
scattering object when it is positioned close to the array, while its strength as a scattering 
object diminishes when it is positioned away. The 𝐸 metric for T1 and T2 is much smaller 
compared with the 𝐸  metric for T3, which is very high. The 𝐸  metric indicates the 
difference in the centre position of the real target and the detected target. The differences 
are (𝑇1) = 1.15 𝑚𝑚 , 𝐸(𝑇2) = 1 𝑚𝑚 and 𝐸(𝑇3) = 6.5 𝑚𝑚.   
For the results of the experiment which used the 12 antenna element array to generate the 
images (Figure 5.18), the 𝑄 factors for T1, T2 and T3 are 2, 2 and 0.77, indicating that the 
tumor behaves as a stronger scattering object when the number of antennas is increased 
(Table 5.1). The 𝛾 parameter is 1 for T1, T2 and T4, while the 𝛾 parameter for T3 is equal 
to 0.59. These results indicate an improvement in the detection capability when compared 
with the use of only six antenna elements. The 𝐸 metrics for the results of the experiment 
in Figure 5.18 are (𝑇1) = 1.1 𝑚𝑚  , 𝐸(𝑇2) = 1 𝑚𝑚  and 𝐸(𝑇3) = 4.5 𝑚𝑚 . These values 
indicate an improvement in predicting the correct position of the tumors, even if they are 
close to the centre position of the phantom, when the number of utilised antennas 
increases.    
For the imaging results obtained by using a combination of the 12-element array and 
mechanical rotation (Figure 5.19), the 𝑄  parameter has the same values as in the 
technique without mechanical rotation for the T1 and T2 targets. For T3, however, the 𝑄 
metric is improved compared with the two previous techniques. The 𝛾  metric for T1, T2 
and T4 is the same as previously calculated, while it is improved to 0.7 for T3. The 𝐸 
parameters in this technique for the different targets are 𝐸(𝑇1) = 0.83 𝑚𝑚 ,  𝐸(𝑇2) =
0.85 𝑚, 𝐸(𝑇3) = 3.2 𝑚𝑚 and 𝐸(𝑇4) = 1.2 𝑚𝑚. In comparison with the two techniques that 
do not include mechanical rotation, it is clear that the difference in the positions of the real 
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target and the detected target is much smaller. All these results indicate that the technique 
involving phantom rotation with a larger number of antennas produces superior images. 
 
Table 5-I: Performance of the algorithm for the three image reconstruction methods 
 
Targets 
 
6-antenna 
elements 
 
12-antenna 
elements 
 
12-antenna 
elements with 
phantom rotation 
 
𝑸 𝜸 𝑬(mm) 𝑸 𝜸 𝑬(mm) 𝑸 𝜸 𝑬(mm) 
T1 1.8 1 1.15 2 1 1.1 2 1 0.83 
T2 1.8 1 1 2 1 1 2 1 0.85 
T3 0.53 0.45 6.5 0.77 0.5
9 
4.5 1.4 0.7 3.2 
T4    1.85 1 1.25 2 1 1.2 
 
 
5.13  Conclusion 
This chapter has reported the design of a microwave imaging system using UWB signals. 
In this system, both the array and the breast phantom are immersed in a carefully 
designed coupling medium. A planar array is used to form the scanning system where the 
breast is placed on a platform and gently compressed to take a semi-rectangular shape, 
which assists in providing higher resolution. The platform also allows different levels of 
breast slices to be scanned by moving the phantom up and down. A plastic box is 
designed to accommodate the array and is filled with the coupling medium during the 
measurements. The operation of this system is controlled from a PC, which activates the 
turntable, and all the measured data are saved in a file in the PC. 
An image reconstruction algorithm for the developed scanning imaging system has been 
reported. The time-domain algorithm with Fermat's principle is implemented by 
constructing all the possible propagation paths from the antenna to the boundary points, 
 
 
131 
 
and then from the boundary points to the target point. The optimal path is the minimal 
electrical distance from the antenna to the target. The time delay is obtained according to 
this distance and the velocity of the wave in the coupling medium and in the phantom. 
The proposed microwave imaging system and its algorithm to reconstruct the images are 
validated via experiments. In the assessment of these experiments, a semi-rectangular 
shaped low dense breast phantom is used to generate the 2-D and 3-D image results. The 
results demonstrate the ability of the proposed UWB microwave imaging system to detect 
and localise tumors at different positions.       
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Chapter 6 Development of Head Imaging System 
6.1 Introduction 
Recent research indicates the possibility of using microwave imaging (MI) technology for 
imaging the human brain [122]. As it is low-cost and portable, and utilises non-ionising 
radiation, a microwave system for brain imaging could be an important tool for a response 
ambulance team whose actions are critical to the patient’s recovery. Moreover, that 
system could be a significant addition to existing stroke diagnostic tools. The system could 
be very useful for regional and rural Australia and developing nation where expensive MRI 
and CT scans are not readily available. Usually microwave medical imaging system is very 
cost effective tools for those places.  
 To achieve acceptable penetration in human tissues, the microwave imaging system 
operates across part of the low spectrum of the microwave band from 1–2 GHz. However, 
this increases the size of the antenna. According to [35], the frequency from 1–4 GHz is 
suggested for head imaging systems.  
Imaging the human head using microwave signals is a challenging task for several 
reasons. First, the dielectric properties of head tissues are significantly dispersive, 
particularly at the signal frequencies that are currently used (1–4 GHz). Second, the 
human head is composed of many tissues that have significant differences in their 
dielectric properties, and thus, there are multiple scattering objects that appear and must 
be compensated for in the imaging algorithm. Finally, the signals are highly attenuated due 
to the lossy CSF surrounding the brain. 
This chapter describes the building of a microwave imaging system to test the feasibility of 
using microwaves for head imaging. The designed imaging system operates across the 
frequency band from 1 to 4 GHz. The system consists of a semi-elliptical array of 16 
antenna elements (installed on an adjustable platform), data acquisition unit, head 
phantom, a VNA and a PC. A full detailed design of this scanning system is presented in 
this chapter. To quantify the effect of increasing the number of antenna elements in the 
array, image reconstruction is undertaken by rotating the head phantom at certain angles 
using  mechanical movement. 
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6.2 Scanning System Design 
Figure 6.1 shows the configuration of the microwave imaging system for the head. It 
consists of a VNA as a microwave source and a receiver, two single-pole eight-throw 
(SP8T) microwave coaxial switches, and a platform to accommodate the array and the 
head phantom. A PC for control of measurement, data storage and processing is used for 
the data collection. The virtual instrument software architecture (VISA), which is a standard 
for configuring and programming instrumentation via a variety of buses such as GPIB, 
RS232, Ethernet and USB with the VNA, is used [123].  
 
Figure 6.1: Configuration of the microwave imaging system 
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6.2.1 Switching System 
Two SP8T microwave coaxial switches are used to connect the elements of the array. One 
switch accesses elements 1–8 of the array, while the second switch accesses elements 9–
16. The switches are toggled by a USB interface controlled by the microwave imaging 
software. The switches operate at 12 V and require 325 mA of current. With the R&S 
ZVA24 VNA, the VISA is used to collect either the time-domain or frequency-domain 
scattering data from all the elements of the array [123]. Figure 6.2 shows the configuration 
of the switching system when connected to the VNA and the USB interface for data 
collection from the PC. 
 
 
Figure 6.2: Diagram of the switching system 
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6.2.2 Antenna Array Design 
Circular antenna arrays working in free space for the head imaging system are designed 
and tested via simulation. The wideband corrugated TSAs designed in Chapter 3 are used 
to form the arrays using CST Microwave Studio software. The two important parameters 
that define the effectiveness of the utilised arrays are the return loss of each of the 
elements that form the arrays and the level of mutual coupling between the neighbouring 
elements. The first parameter is validated when the antennas are designed, fabricated and 
tested as presented in Chapter 3. The second parameter is the level of the mutual 
coupling between the neighbouring elements in the array. This parameter controls the 
maximum number of antenna elements that can be used to form an array which can 
accommodate any reasonable human head phantom. It is optimised using the capability of 
the CST Microwave Studio to obtain minimum mutual coupling between neighbouring 
antenna elements (S12) equal to -20 dB and less.  
As the SAM head phantom available in the CST Microwave Studio is a typical large size 
model of the head, the maximum number of antenna elements surrounds this head model. 
Therefore, the array is placed around the SAM head model in order to optimise the 
maximum number of antenna elements can be used to surround the head. The result is 
found to be 16 antenna elements. The minimum distance (Cs) between each neighbour 
antenna is equal to 6 cm. This distance between the neighbours antenna allow to use 16 
antennas to surround the head with mutual coupling less than -20 dB between those 
neighbouring antennas across the desired frequency. Figure 6.3 shows the configuration 
of the array without the head model.  
The simulated result of the mutual coupling between different pairs of array elements is 
shown in Figure 6.4. The result shows that the worst case of the mutual coupling between 
neighbouring elements is less than -20 dB across the desired frequency band. According 
to these results, the array offers good performance for the proposed system.  
Next, the elements of the array are re-arranged around the head phantom in order to have 
equal distance between the antenna elements and the head phantom. As the head is not 
circular, the antennas are moved and re-organised to have the same shape as the 
phantom. The result is a semi-elliptical antenna array surrounding the head. In the 
simulation, the distance between the antenna and the head is chosen for better 
penetration and the optimal distance is found to be 10 mm. 
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Figure 6.3: Configuration of the 16-element circular array 
 
Figure 6.4: Mutual coupling between different antennas in the array 
The array is used to test the SAM head model with and without a stroke area. The head 
phantom includes the average of the soft tissues inside the head with an average dielectric 
constant of 42 and a conductivity of 0.001 S/m. A cylindrical target of 10 mm radius and 30 
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mm height to represent the stroke area is placed inside the head with an average dielectric 
constant of 65 and conductivity of 12 S/m to represent bleeding. Figure 6.5 shows the 
simulated reflection coefficients of selected antennas in the head phantom with and 
without a target. The antenna elements have a reflection coefficient below -10 dB across 
the frequency band from 1 to 4 GHz, this is necessary to couple more signal to the head 
phantom. The result also show that the reflection from the head phantom is higher than -
10 dB and the scattered signals increased when the target is included inside the head 
phantom. This confirms the ability of the array to detect the target from the scattered 
signals. A simple system is first designed without coupling medium to avoid the difficulty of 
using coupling medium with human head.    
 
Figure 6.5: Reflection coefficient of the selected element from the array 
 
6.3 Array and Platform Fabrication 
After verifying the characteristics of the arrays in free space, the designed array is 
fabricated. The required semi-elliptical antenna array is formed using 16 antenna 
elements. The platform is fabricated using polyvinyl-chloride (PVA) sheet and the platform 
has two plates, with the lower one designed to carry the head phantom. It has several 
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adjustable rods to fix the phantom in place in order to avoid any movement that may cause 
an error in the measurements. The radius of the lower plate is 34 cm. The plate is marked 
to show the angle in degree steps with respect to the centre. This is needed if the phantom 
is to be manually rotated.  
To accommodate any reasonable head phantom size, the second plate has an inner 
radius of 17 cm and an outer radius of 47 cm. It is mounted using eight poles that are 
adjustable in height in case there is a need to lower or lift the antenna array for different 
head phantoms or if the scanning of different head slices, is needed. The plate has 16 slits 
for the antenna elements to be inserted and fixed in place and also carries 16 holders for 
the antenna elements. Those holders are adjustable horizontally so that the distance 
between the antenna elements and the phantom can be changed as required. The 
designed platform can suit a variety of measurement configurations. This flexibility is 
necessary for the experimental assessment of a microwave imaging system. The height of 
the antenna array can be adjusted depending on the size of the phantom and the number 
of slices required for future 3-D imaging. Figure 6.6 shows the details of the fabricated 
platform. 
To confirm the performance of the array, it is tested experimentally. Prior to taking the 
measured data, the VNA is calibrated using the technique described in Chapter 5 (Section 
5.3.4). The reflection coefficients of one chosen antenna and the worst case of the 
measured and simulated mutual coupling (S12) between a neighbouring pair of antennas 
in the array are collected, and the results are shown in Figure 6.7 and Figure 6.8. It is clear 
from the results that the array has good performance concerning the level of mutual 
coupling between the neighbouring pair of antennas, which is less than -20 dB across the 
band from 1 GHz to 4 GHz and also shows good agreement with the simulation and 
measurements.   
To test the designed array in a realistic environment, a head phantom that includes the 
main tissues found in the human brain (skull, grey matter, white matter and CSF) as 
described in Chapter 4 is used, as shown in Figure 6.6. The manufactured phantom is 
placed on the lower plate. The distances between the antenna elements and the head 
phantom are equal to 10 mm. The measured return loss is evaluated when the head 
phantom is placed with and without a target. Mixtures that represent bleeding in the brain 
are also manufactured as described in Chapter 4, the bleeding in the brain is a common 
sign of brain trauma. The mixtures are then used as a target in the measurements. Figure 
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6.9 shows the return loss of one chosen antenna both with and without a target. It is clear 
from the result that the scattering increases when a target is used.   
 
 
(a) 
 
 (b) 
Figure 6.6: (a) Details of the fabricated platform, (b) Cross-section of the head phantom 
used in the measurements 
 
 
 
140 
 
 
Figure 6.7: Measured and simulated reflection coefficients of the antenna 
 
 
Figure 6.8: Measured and simulated mutual coupling between a pair of neighbouring 
antennas 
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Figure 6.9: Measured reflection coefficient of selected antenna in the array when the head 
phantom is placed with and without a target 
 
 
6.4 Experimental Set-Up for a Microwave Imaging System 
In order to test the feasibility of using microwaves for head imaging, the platform built in 
the previous section is used to show the experimental set-up of the imaging system as 
shown in Figure 6.10. The system consists of a semi-elliptical array of 16 antenna 
elements (installed on an adjustable platform), data acquisition unit and a realistic head 
phantom as described in Chapter 4 (Section 4.6). The VNA is used as a microwave source 
to generate the signals as explained in Chapter 5 (Section 5.4), and a PC is used to save 
the collected data and apply processing to generate the images. The VNA is used 
because it has a high sensitivity and a wide dynamic range over the entire range up to 24 
GHz. It is also has extremely fast synthesisers allowing for short measurement times and, 
thus, provides high throughput in manual adjustments and automated production 
sequences.   
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Figure 6.10: Configuration of the microwave imaging system 
 
6.5 Pulse Generation and Data Acquisition 
The developed imaging system uses the monostatic radar mode of operation based on a 
hemi-elliptical antenna array. In this case, the same antenna elements are applied for 
transmitting and receiving the wideband signals. The signals are generated synthetically 
by a swept frequency input using the VNA in a step-frequency manner using 401 
equidistant frequency points across the band from 1 to 4 GHz. This operation is achieved 
using the R&S ZVA24 VNA. Collecting the S-parameter data in a timely manner is 
important during the operation of the microwave imaging system. This requires an 
automated procedure between the computer running the microwave imaging software and 
the VNA.   
ZVA24 VNA is used with the VISA. The data are obtained via an Ethernet network, which 
takes no more than three seconds to obtain 401 complex S-parameter measurements. 
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The transmitting antenna is selected by two SP8T microwave coaxial switches. One switch 
accesses elements 1–8 of the array, while the second switch accesses elements 9–16. 
The switches are toggled by a USB interface controlled by the microwave imaging 
software. 
In order to investigate the effect of increasing the number of antennas to 32 without 
increasing the mutual coupling between them, the measurements are taken from the 16 
elements, and then the platform is rotated by an angle of 360/32 = 11.25 and another set 
of measurements is taken. The combined two sets represent the case of using 32 antenna 
elements. All the measurements are performed in the frequency domain using a standard 
VNA. 
6.6 Pre-Processing 
Since a strong background reflection dominates the reflected signals, signal pre-
processing is essential. Pre-processing commonly involves the extraction of the target 
response at each antenna location. In breast imaging, the reflections at the free space–
breast interface are removed by subtracting the average reflected signal from each 
captured signal [108]. However, the background reflections in the different channels of a 
head imaging system are not identical mainly due to the hemi-ellipsoidal shape of the head 
and its heterogeneity. Thus, subtracting the average across all the array elements does 
not eliminate those reflections. More sophisticated algorithms [124] achieve better results 
in breast microwave imaging. Two approaches with low computational overheads and 
efficient performance are presented here.  
The signal transmission and reception are performed in the frequency domain. The 
received signal at the 𝑖-th channel is converted to 𝑁 sampled waveform and transformed 
into a positive value samples in the time domain (
𝑛
𝑖  ), where: 
𝑖 = 1,2, … . 𝐿 (𝐿) denotes the antenna array size, and 𝑛 = 1,2, … . 𝑁. 
Based on the two new approaches applied in this section, the background reflections are 
eliminated in order to construct the target response that shows up at different time shifts. 
To perform the stroke detection and optimise the beamformer’s performance, the 
background reflections are removed by determining the difference in scattered signals 
using one of the following two approaches. A schematic model of the head phantom and 
array elements is depicted in Figure 6.111. 
 
 
144 
 
Since the human head is anatomically symmetrical with respect to the central line that 
divides the head into left and right halves, the background signals, such as the free space–
head phantom interface reflections, are almost identical; with the same time position in the 
channels facing each other in the symmetrical array. Upon testing a healthy brain, the 
backscattered signals at the antennas facing each other in the array (i.e. 
𝑛
𝑖 and 

𝑛
(𝐿−𝑖+2)𝑚𝑜𝑑𝐿 , ) are identical. To test the presence of an abnormal target, the differential 
signal based on one of the two approaches (App-A or App-B) is constructed as explained 
in the following sections. 
 
Figure 6.11: Schematic model of the head phantom and array elements 
 
 
6.6.1 First Approach – APP-A 
In the first proposed approach, the differential signal is constructed by the subtraction of 
the backscattered signal pairs as given by: 
𝐝𝐧
𝐢 =  
𝐧
𝐢 − 
𝐧
𝐢−𝟏                                                                                              (6. 1) 
𝐝𝐧
𝐋
𝟐
+𝐢
=  
𝐧
𝐋
𝟐
+𝐢
− 
𝐧
𝐋
𝟐
+𝐢+𝟏
                                                                                    (6. 2) 
for 𝑖 = 1,2, … . (𝐿 2⁄ )  where 𝑛
0 =  
𝑛
𝐿  and 
𝑛
𝐿+1 =  
𝑛
1 . Based on an antenna array of 𝐿 =
16 elements, for example, the target response at the antenna𝑖 = 3 is𝑑𝑛
3 , and the target 
response at antenna 𝑖 = 15 is 𝑑𝑛
15 = 
𝑛
15 − 
𝑛
16. 
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6.6.2 Second Approach – APP-B 
Based on the symmetrical distribution of brain tissues on the right and left sides, it is 
possible to consider a differential approach in which the background reflection is removed 
by using the differential backscattered signal as given by: 
 
𝐝𝐧
𝐢 =  
𝐧
𝐢 − 
𝐧
(𝐋−𝐢+𝟐)𝐦𝐨𝐝𝐋                                                                              (6. 3) 
for 𝑖 = 1,2, … . 𝐿. For example, in an antenna array of 16 elements, 𝑑𝑛
7 = 
𝑛
7 − 
𝑛
11 = −𝑑𝑛
11. 
Next, the negative-valued samples of the differential signals are replaced by zeros to avoid 
getting mirror or ghost targets. The results in the next section show that these approaches 
strongly reinforce the target response, while removing the unwanted off-axis scattering 
response. The higher-quality microwave images validate the claim. 
6.7 Post-Processing Using Delay-and-Sum Beamforming 
Beamforming or spatial filtering is used for directional signal transmission or reception to 
achieve spatial selectivity. It combines elements in an antenna array such that the signals 
experience either constructive or destructive interference at particular angles. A 
conventional beamformer can be a simple delay-and-sum beamformer with a fixed set of 
weightings or a more sophisticated adaptive beamformer with time-variant and spatial-
variant weightings. In this section, a delay-and-sum beamformer is applied using primarily 
the wave directions of interest, the location of the antennas in space, and the wave 
propagation speed 𝑐
√𝑎𝑣
⁄ , where 𝑐 is the speed of the electromagnetic wave in free space 
and 𝑎𝑣 is the average dielectric constant of the tissues inside the head. 𝑎𝑣 is taken here 
as 40, which is the average dielectric constant of the two main tissues inside the human 
head, that is, the white and grey matters. 
The beamformer is steered to a specified direction by selecting appropriate phases for 
each antenna. This aligns the return from each scattering point (as a focal point’s 
response) to the radiated signal from each antenna’s location. The spatial focusing is 
achieved by determining the time position in the captured signals. Finally, a coherent 
summation of all the responses is performed to find the intensity distribution. A map of the 
energy spatial distribution provides an image of the backscattered signals’ strength. In 
order to compute the time position of each focal point’s response, it is necessary to find 
the most probable path on which the electromagnetic wave travels from an antenna source 
to the point. The least-time principle is applied here, which states that the correct path is 
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the shortest electrical distance the wave would travel. The images in the next section 
demonstrate the effectiveness of simple background removal processing and the delay-
and-sum beamforming by applying these methods to the measured backscattered signals. 
 
6.8 Microwave Imaging Using a Realistic Head Phantom 
In order to test the capability of the designed system and imaging algorithms to detect brain 
injuries, an ellipsoidal target that emulates the properties of a haemorrhagic stroke is 
fabricated and inserted in different locations inside the head phantom. For a reasonable 
emulation of the size of the brain area affected by that stroke, an ellipsoidal-shaped target 
is fabricated to have the diameters of 2 cm × 1 cm × 0.5 cm. The imaging algorithms 
explained in the previous section are used to generate the images. 
 
6.8.1 Imaging Results Using Proposed Approaches 
The overall performance of a microwave imaging via delay-and-sum beamforming is 
evaluated based on the approaches described above in Section 6.7 for strong background 
reflection removal. The brain stroke is monitored using the microwave frequency range 1–
4 GHz, which is used as a reasonable compromise between the required imaging 
resolution and head penetration. App-A and App-B are used to denote the first and second 
approaches, respectively. The performance is compared to the performance of the method 
applied in [37] which was based on antenna rotation/background subtraction followed by 
compensation for the signal loss. The images from applying the three different techniques 
for two different locations of a haemorrhage stroke are depicted in Figure 6.12 for the 
stroke in the first position and Figure 6.13 for the haemorrhagic stroke in the second 
position. It is clear from the presented results that the focusing performance is 
compromised when the background removal is not carried out successfully as in [37], 
especially with a smaller array size. When the proposed method (App-B) is applied, the 
stroke is accurately detected and localised for the two investigated cases. 
To show the ability of the proposed approaches to detect deep targets, an experiment 
using 32 antenna elements is performed with a target that is located deep inside the head 
phantom. The results (Figure 6.124) indicate that the proposed methods (App-A and App-
B) are able to detect the target. However, the location of the detected target seems to be 
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slightly shifted from the exact location. Moreover, the size of the target detected by App-B 
seems to be larger than the assumed target. 
 
 
Figure 6.12: Microwave brain imaging using a 16-element and 32-element antenna array 
(the ellipse in the black colour denotes the actual stroke at location#1) 
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Figure 6.13: Microwave brain imaging using a 16-element and 32-element antenna array 
(the ellipse in the black colour denotes the actual stroke at location#2) 
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Figure 6.14: Microwave brain imaging using a 32-element antenna array (the ellipse in the 
black colour denotes the actual location of a deep stroke) 
 
6.9 Metrics of the Reconstructed Images 
To quantify the effectiveness of the constructed head images and imaging algorithms, the 
metrics are calculated from the obtained images. The metric 𝑸 is defined as the ratio of the 
average intensity in the actual stroke area to the average intensity in the rest of head 
tissues and is given by: 
𝑸 =
µ[𝑰(𝒑)]
µ[𝑰(𝒑)]
 𝒑 ∈  𝓢
 𝒑 ∈  𝓗 &𝒑 ∉  𝓢
 (6. 4) 
where µ [. ] denotes the mean value, 𝓢 is the set of points forming the detected target in the 
head and ℋ is the set of all points within the head area. The second metric φ denotes the 
ratio of the maximum intensity in the stroke area to the maximum intensity in the head 
outside the stroke area. φ< 1 points to the failure in localising the stroke since the focal 
point of maximum intensity is outside the stroke area. Further, φ >1 interprets the contrast 
in the computed maximum intensity: 
𝝋 =
𝒎𝒂𝒙[𝑰(𝒑)]
𝒎𝒂𝒙[𝑰(𝒑)] 
𝒑 ∈ 𝓢
𝒑 ∈ 𝓗&𝒑 ∉ 𝓢
                                                               ( 6. 5) 
 
 
150 
 
The last metric,Δ, is the distance between the real centre 𝜒 and the predicted centre of the 
stroke depending on the estimated maximum intensity given in the obtained map of energy 
distribution, as given by: 
∆= ‖𝑷∗ − 𝝌‖                                                                                                  (6. 6) 
where 𝑷∗ = argmax
[𝐼(𝑃)]
𝑃
  ∈ 𝐻. 𝐼(𝑃)denotes the intensityof the discrete point,P, and H is the 
set of collected points that map the head area. 
The metric 𝑄is defined as the ratio of the average intensity in the actual stroke area to the 
average intensity in the rest of head tissues and is given by tables 6.I and 6.II that present 
the value of the quantitative metrics. 
 
Table 6-I: Quantitative metrics for the microwave images in Figure 6.13 
 𝑄 𝝋 𝛥(cm) 
[37] 2.71/2.49 0.98/1.01 3.26/0.96 
App-A 3.155/2.53 1.15/1.13 0.158/0.158 
App-B 3.88/3.22 1.06/1.08 0.07/0.07 
 
 
Table 6-II: Quantitative metrics for the microwave images in Figure 6.14 
 𝑄 𝝋 𝛥(cm) 
[37] 1.92/2.3 0.81/1 6.22/1.35 
App-A 2/2.4 0.9/1.04 4.55/0.38 
App-B 2.93/2.83 1.13/1.09 0.29/0.07 
 
The results presented in Tables 6-I and 6-II show that App-B presents a higher contrast in 
the stroke area compared to other implemented approaches, while the approach of [2] is 
the worst. Using [2] with an array size of 16 antennas fails to localise the stroke, as 
illustrated in the results in Table 6.I. Using App-B with a large-size antenna array 
guarantees localising the maximum intensity almost exactly inside the stroke area. With 
the highly lossy and heterogeneous nature of the human head, the ideal zero value is not 
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easy to achieve. However, its value is successfully minimised in the present study using 
App-B. 
The main goal of microwave imaging is either the detection or localization of a target. It 
might also be both purposes. The importance of each metric depends on the purpose of 
the imaging. For the detection of an abnormal target, Q is the main metric to watch, 
whereas 𝛥 is the important metric for localising the target. The presented results validate 
that approach App-B successfully carries out the strong background reflection removal, 
and results in high quality imaging of frequency dependent dispersion medium.  
The results depict the efficiency of the proposed approaches especially App-B even with 
smaller size of antenna array. However, App-A lacks robustness compared to App-B by 
ignoring the neighboring channel-to-channel variations due to differences in skull 
thickness, and head heterogeneity.  
 
6.10 Effect of Noise on Image Quality in Microwave Head 
Imaging Systems 
In the previous section, the imaging approaches used to generate the images were 
considered to have measurements taken in noise-free conditions. To successfully image 
any biological tissue, there is a minimum signal level that must be backscattered above the 
noise level. Signals received below that level will not be visible in the reconstructed image, 
and in some cases may cause either missed detections or false positives. Understanding 
the effect of noise, and finding the required power to mitigate the missed detections or 
false positives, is necessary in order to produce an accurate and robust microwave 
imaging system. Therefore, the effects of noise on the ability to detect abnormalities in the 
human head using microwave-based systems are investigated in this section using both 
simulation and measurement tools. 
 
6.10.1 Theoretical Effect of Noise 
The radar-based frequency domain imaging system is subject to thermal noise and phase 
jitter that can be presented as a Gaussian random variable η with zero-mean and standard 
deviation (σ) for each frequency sample. The noise-free radiated signal in the frequency 
domain is assumed to be: 
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𝑿(𝒇) =  ∑ 𝑿[𝒇𝒌]
𝑵
𝒌=𝟏
𝜹(𝒇 − 𝒇𝒌),                                                                    ( 6. 7) 
where X[.] is the discrete frequency sample within the investigated bandwidth, and has 
samples, 𝒌 , numbered between 1 and N, and X(𝒇) is the corresponding continuous 
frequency signal, which is created by combining the discrete frequency samples. The 
reflected signal at a certain antenna position is given by: 
𝒀(𝒇) =  ∑ [𝒂𝒌 𝑿[𝒇𝒌]𝒆
𝒋𝟐𝝅𝒇𝒌∆𝒕𝒌 +  𝜼[𝒇𝒌]]
𝑵
𝒌=𝟏
[𝜹(𝒇 − 𝒇𝒌)] ,                      ( 6. 8) 
where 𝛈[𝐟𝐤] denotes the noise at frequency 𝑓𝑘, 𝑎𝑘  denotes the attenuation, and 2πfk∆tk 
denotes the phase changes at i, which is a deterministic value proportional to the distance 
between the antenna and the scattering object. 
If we assume white Gaussian noise (η) is equal at all frequencies but each frequency step 
is investigated at a different time, the noise is no longer a function of the frequency 
sample, and: 
𝒀(𝒇) =  ∑[𝒂𝒌𝑿[𝒇𝒌]𝒆
𝒋𝟐𝝅𝒇𝒌∆𝒕𝒌𝜹(𝒇 − 𝒇𝒌) + 𝜼𝒌]
𝑵
𝒌=𝟏
                                 ( 6. 9) 
In a frequency-domain monostatic radar-based system, the data are collected as 
frequency-dependent scattering matrix parameters, S11, which can be represented as: 
𝑺(𝒇) =
𝒀(𝒇)
𝑿(𝒇)
=  ∑[𝒂𝒌𝒆
𝒋𝟐𝝅𝒇𝒌∆𝒕𝒌𝜹(𝒇 − 𝒇𝒌) +  𝝃𝒌]
𝑵
𝒌=𝟏
,                              ( 6. 10)   
𝜉𝑘 is the modified noise coefficient which is the noise in Equation (6.9) normalised by the 
input signal. This representation closely reflects the method of measurement in practice. 
For 𝛤  runs of measurements, the variance in the measurements under repetitive 
conditions is given by a standard deviation that can be found in the frequency domain by: 
𝝈 = √
𝟏
𝜞
∑ ∑[{𝒂𝒌𝒆𝒋𝟐𝝅𝒇𝒌∆𝒕𝒌𝜹(𝒇 − 𝒇𝒌) +  𝝃𝒌} − 𝑺(𝒇𝒌)̅̅ ̅̅ ̅̅ ̅̅ ]
𝟐
𝑵
𝒌=𝟏
𝜞
𝒋=𝟏
                  (6. 11) 
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′ 𝑌(𝑓𝑘)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ ’ is a complex value representing the average reflected signal from all the 
measurements in the frequency domain at frequency 𝑓𝑘 . The standard deviation is 
frequency-dependent, and is given at each frequency sample by: 
σ(𝑓𝑘) = √
1
𝛤
∑[{𝑎𝑘𝑒𝑗2𝜋𝑓𝑘∆𝑡𝑘𝛿(𝑓 − 𝑓𝑘) +  ξ𝑘} − 𝑆(𝑓𝑘)
̅̅ ̅̅ ̅̅ ̅]
2
𝛤
𝑗=1
                    (6. 12) 
Since 𝑎𝑘  and ∆𝑡𝑘  are dependent on the antenna’s position in the array, the standard 
deviation also depends on the antenna’s position. It is a complex number with an absolute 
value that represents the amplitude uncertainty. 
The SNR at a frequency sample 𝒇𝒌 can be found as follows: 
𝑺𝑵𝑹𝒌 =
|𝑺(𝒇𝒌)
𝟐|
|𝝈(𝒇𝒌)|𝟐
6                                                                                      (6. 13) 
The SNR over the band of interest is: 
𝑺𝑵𝑹 =
∑ |𝑺(𝒇𝒌)
𝟐|𝑵𝒌=𝟏
∑ |𝝈(𝒇𝒌)|𝟐
𝑵
𝒌=𝟏
                                                                                    (6. 14) 
To show how the signal’s amplitude, the time delay and the standard deviation change 
with frequency and the antenna position, a set of full-wave simulations is performed using 
CST Microwave Studio. The simulation set-up includes an anatomically realistic numerical 
head model and an array of sixteen wideband exponentially corrugated TSAs (as designed 
in Chapter 3) that are equally spaced around the head. Figure 6.135 shows part of the 3-D 
head phantom used in the simulation with the antenna array. The utilised phantom is a 
realistic head model based on high-resolution MRI head scans [125]. In this work, the 
measured dispersive properties of the head tissues over the 1–4 GHz band of interest are 
included in the simulation. The model includes 128 transverse slices and consists of 
256×256×128 cubical elements. The model is first processed in Matlab and then imported 
in CST Microwave Studio [126, 127]. The antenna elements are designed to work 
efficiently across the utilised frequency band with better than 10 dB of return loss. The 
antennas are placed 10 mm away from the phantom. 
The results of the full-wave simulations of the head model are depicted in Figure 6.146. 
These results confirm the theoretical model in the sense that the amplitude and phase 
uncertainties due to noise depend on the frequency sample and antenna position. 
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Consequently, the standard deviation also depends on the antenna position. The results in 
Figure 6.17 also confirm Equations (6.13) and (6.14). It can be easily concluded that the 
difference in the average standard deviation between the results in Figures 6.17 (a) and 
(b) is around 20 dB, which is equal to the difference in the noise levels used to get those 
two figures. 
 
Figure 6.15: Cross-section of the arrangement used in the simulations 
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(a) 
 
 
(b) 
 
Figure 6.16: Reflected signals from the head model at different positions – (a) amplitude, 
(b) phase shift 
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(a) 
 
(b) 
Figure 6.17: Standard deviation as a function of the antenna position in a semi-elliptical 
array around the head, calculated at two different frequencies within the band of interest 
(the deviation is calculated at noise levels (a) -10 dB and (b) -30 dB) 
 
6.10.2 Effect of Noise in Simulations 
For the purpose of evaluating the effects of noise on imaging, a haemorrhage stroke area 
of volume 3 cm × 3 cm × 3 cm at different positions is created in the previously explained 
head model. The measured dispersive properties of the blood are used to emulate the 
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stroke area. The scattered signals that are recorded in CST are noise-free. The signals 
recorded at the sixteen antennas are transformed into the time domain and exported to 
Matlab to add the effect of noise before processing them using the confocal delay-and-
sum algorithm explained in Section 6.6.  
To emulate different SNRs, different levels of white Gaussian noise are added to the 
scattered signal before the skin reflection removal pre-processing stage and the confocal 
imaging algorithm. The results for the two locations of stroke are shown in Figure 6.18, 
with higher intensity colours indicating a strong likelihood of the significant scattering of 
objects at that location. Visual inspection of the results indicates the possibility of detecting 
the stroke when the SNR is more than or equal to 10 dB. However, for lower values of 
SNR, the system cannot detect the stroke.  
The quality metric 𝑄  is used to evaluate the effectiveness of the produced images. The 
metric 𝑄  is defined as the average intensity value of the points located in the target area 
(stroke) divided by the average intensity points in the normal head tissues, as explained in 
Chapter 5. The metric 𝑄  is given by: 
𝑸 =
𝑰(𝒑)̅̅ ̅̅ ̅̅
𝑰(𝒑)̅̅ ̅̅ ̅̅
∀𝒑 ∈ 𝝉
∀𝒑 ∈ 𝓗&𝒑 ∉ 𝝉
                                                                               (6. 15)6 
where µ[. ] denotes the mean value, 𝝉 is the set of points forming the detected target in the 
head and 𝓗 is the set of all points within the head area. A higher value for Q means the 
intensity of the target area is larger than the background area. Thus, larger values for Q 
indicate a more accurate detection. Table 6.III presents the calculated values of Q for the 
images obtained in Figure 6.18. It is clear that the detection accuracy according to the 
metric Q is highest in the noise-free scenario. The accuracy of detection decreases with 
lower values for the SNR. When the SNR is less than 10 dB, the detection probability is 
quite low and the result is not reliable. 
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Figure 6.18: Simulation imaging results for (a) Stroke 1 and (b) Stroke 2 at different SNR 
values 
(a)                                                                            (b) 
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Table 6-III: Calculated value of Q metric for the images of simulated data in Figure 6.19 
 
SNR (dB) 
 
Q (Stroke 1) 
 
Q (Stroke 2) 
Noise-free 2.83 2.76 
25 2.35 2.25 
20 1.99 1.87 
15 1.36 1.5 
10 1.045 0.94 
5 0.73 0.7 
 
6.10.3 Effect of Noise in Experiments 
In order to confirm the results obtained from the simulation, experiments were performed 
under different SNR scenarios. The experimental set-up (shown above in Figure 6.10) 
utilises the frequency domain microwave imaging system. It consists of the R&S ZVA24 
VNA, 16-element array of corrugated TSAs, switching system, PC and head phantom. In 
this system, wideband corrugated TSAs are used to transmit and receive the microwave 
signals. The antenna elements are connected via a switching device to the VNA, allowing 
sequential measurement of each antenna’s backscattered signal using a monostatic radar 
approach. Each backscattered signal is captured using a discrete set of 401 equidistant 
frequencies over the spectrum band from 1 GHz to 4 GHz.  
The utilised realistic head phantom fabricated in Chapter 4 is used to test the system. It 
consists of the human skull and the three main soft tissues inside the brain (CSF, white 
matter and grey matter).To emulate a haemorrhagic stroke region, an ellipsoidal object 
with dimensions of 3 cm × 1.5 cm × 1 cm is fabricated and inserted inside the phantom at 
different locations. Since the haemorrhagic stroke is caused by bleeding, the electrical 
properties of that stroke are selected to be that of blood.  
The first target in the measurements before imaging the head is to confirm the Gaussian 
distribution of noise as assumed in this work. To that end, we use the Monte-Carlo 
approach by repeating the measurements of the reflected signals received from the head 
phantom at different antenna elements using the system depicted in Figure 6.10 1000 
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times. We then analyse the distribution of the variance in the measured signals at different 
antenna positions. It is concluded that the obtained distribution agrees well with the 
assumed Gaussian distribution. A snapshot of the measured results in comparison with a 
theoretical Gaussian model is presented in Figure 6.19. 
The S-parameter signals captured by the VNA are processed with the confocal delay-and-
sum imaging algorithm. The processing time is around 20 seconds using a general PC. To 
understand the effect of noise on the desired system, several sets of data with varying 
SNRs are processed. The different values of SNR are achieved using two methods. In the 
first method, the level of the transmitted power is changed. The R&S VNA has the 
capability to measure the level of noise in the received signals, thus enabling the 
calculation of the SNR. In the second method, which is aimed at emulating the simulation 
scenario but on the basis of measured data, the transmitted power is kept constant at 0 
dBm; however, the noise with Gaussian distribution was added to the data in Matlab 
before the pre- and post-processing stages. The obtained images are shown in Figure 
6.20 for both stroke positions. For an easy comparison between the detected and real 
targets, a photo is included in both figures for the phantom with the embedded stroke as 
used in the measurements. To quantify the obtained images in Figure 6.20, Table 6.IV 
presents the calculated values of Q.   
 
Figure 6.19: Measured and theoretical noise distributions 
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The results demonstrate that the stroke is accurately detected in both scenarios when the 
SNR is more than 10 dB. However, when the SNR decreases to less than 10 dB, the 
target becomes less visible, and can be incorrectly identified. These results support the 
results obtained in the simulation concerning the effect of noise on stroke detection.    
One of the main conclusions of this work is that the SNR is required to be at least 10 dB 
for the successful detection of a brain stroke. To realise such a value of the SNR, a 
transmitted power of -10 dBm was needed in our experiments in the lab. According to our 
simulations, that value of power would give a maximum specific absorption ratio of less 
than 0.01 W/Kg, which is well within the safe levels as per the definition of the IEEE [128]. 
 
          
                               (a)                                                                   (b)  
Figure 6.20: Imaging results at different SNR values for (a) Stroke 1 and (b) Stroke 2 (a 
photo of the used phantom with the emulated stroke is also shown) 
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Table 6-IV: Calculated value of Q metric for the images of measured data in Figure 6.20 
 
SNR (dB) 
 
Q (Stroke 1) 
 
Q (Stroke 2) 
25 2.4 2.1 
20 2.1 1.89 
15 1.8 1.73 
10 1.64 1.5 
5 0.55 0.45 
 
 
6.11 Stroke Classification 
The two types of acute brain stroke have the same symptoms; however, the treatment is 
significantly different. A clinical decision has to be made within three hours of the onset of 
the symptoms of a stroke to ensure the treatment is effective [4]. Due to the problems 
mentioned previously, a microwave scanning system via simulation is designed as the 
initial work to classify the two types of strokes. This system uses an alternative approach 
to stroke diagnosis. The basic detection of this method relies on the symmetry of the 
human head. A stroke generally occurs in either the right or left hemisphere of the brain. 
Therefore, we propose the use of one hemisphere as a “normal” reference for the 
scattered microwave signals in order to compare the signals captured on the symmetrically 
opposite side. If a stroke is present, the backscattered signal should potentially differ from 
the normal reference signal especially at certain frequencies. The variation in the reflection 
coefficient for the antenna located close to the stroke area is totally different when the 
stroke is caused by a clot and when the stroke is caused by bleeding.  
 
6.11.1 Scanning System Design 
This section presents the design of a circular antenna array to monitor the head phantom. 
In order to reduce the reflection from the head phantom at the air–body interface, and 
improve the match with the head tissues, a coupling medium with dielectric properties 
close to the average dielectric properties of head tissues is used. The designed coupling 
medium for the head imaging system as described in Chapter 4 is loaded into the CST 
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Microwave Studio software to simulate a realistic environment. A corrugated TSA as 
designed in Chapter 3 to work efficiently in this coupling medium is used to form the array 
of the scanning system. The system uses eight TSA elements placed symmetrically 
around the SAM head phantom. Figure 6.21 shows the cross-section of the head phantom 
with the antenna array. The antenna array is used to distinguish the two types of strokes 
(haemorrhage and ischaemic). Each antenna has to transmit a microwave signal and 
receive the backscattered signal. The backscattered signals, and thus the reflection 
coefficients of any symmetrical pair of antennas, are compared to show any significant 
variation at certain frequencies depending on the type of target.  
The validity of the method is verified via computer simulation using CST Microwave Studio. 
The two kinds of stroke are modelled in the simulations as a spherical shape with the 
following characteristics [37]: a haemorrhagic stroke with relative permittivity equal to 62 
and conductivity of 1.5 S/m, and an ischaemic stroke with relative permittivity of 30 and 
conductivity of 0.5 S/m. A 10 mm diameter sphere that represents a stroke is placed inside 
the SAM head model at three different depths (15 , 20, and 25 mm).  
 
 
Figure 6.21: Cross-section of the head phantom with the antenna array 
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6.11.2 Results and Discussion 
The reflection coefficients of the antenna closest to the stroke side (antenna #1 as 
depicted in Figure 6.20) when the stroke is haemorrhagic or ischaemic in comparison with 
the reflection coefficients of the antenna on the normal side of the head (antenna #5) are 
shown in Figure 6.152. The results show a significant difference in the reflection coefficient 
at the resonant frequency of 1.3 GHz. The most important results are those across the 
frequency range from 2 to 3.5 GHz where the reflection coefficient of the antenna facing a 
haemorrhagic stroke (bleeding) is higher than the coefficient of the antenna facing the 
normal side. However, the situation reverses when there is an ischaemic stroke as shown 
clearly across the same band in the results in Figure 6.21. This conclusion is valid for the 
three different investigated depths of the stroke. It is also valid for other sizes of strokes, 
as indicated in the results presented in Table 6.V. 
 
 
(a) 
Figure 6.22: Reflection coefficients of the antennas (#1& #5) in the presence of the SAM 
head phantom with two kinds of strokes located at (a) 15 mm 
(a) 
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(b) 
 
(c) 
Figure 6.22: Reflection coefficients of the antennas (#1& #5) in the presence of the 
SAM head phantom with two kinds of strokes located at (b) 20 mm, and (c) 25 mm 
inside the head 
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Table 6-V: Samples of the calculated reflection coefficients for different stroke types and 
sizes 
 
 
6.12 Conclusion 
This chapter reported the design of a microwave imaging system using wideband signals. 
The designed system consists of a circular antenna array. The fabricated platform has two 
plates: the upper plate is used to hold the antennas, while the lower plate is used to carry 
the head phantom. The lower plate is capable of mechanical movement in order to achieve 
other sets of measurements.  
An image reconstruction algorithm was developed for the designed scanning imaging 
system to generate the images using the sum-and-delay imaging technique. The 
developed algorithm depends on dividing the head into two symmetrical halves with 
respect to the central line. In addition, the background signals, such as the free space–
head phantom interface reflections, were considered to be almost identical with same time 
position in the channels facing each other in the symmetrical array.  
The developed microwave imaging system and the algorithm to reconstruct the images 
were validated via experiments. In the assessment of these experiments, simple and 
realistic phantoms were used to generate the 2-D images. The effect of noise on the 
stroke detection capability of microwave-based head imaging was investigated via 
Diameter  of stroke 
in mm  
Reflection coefficient of antenna #1  (dB) 
Frequency 
GHz  
Haemorrhagic 
stroke 
Ischemic 
stroke 
Without 
stroke 
5 
 
2 
-11.65 -14.2 -13.45 
3.5 
-9.1 -13.8 -12.76 
10 
 
2 
-10.9 -13.9 -13.3 
3.5 
-10 -13.4 -12.9 
15 
 
2 
-10.4 -13.6 -12.9 
3.5 
-10.5 -13.1 -11.95 
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simulation and measurements. In the simulation, a 3-D head phantom with properties that 
emulate the electrical properties of real human brain tissue was used.  
The results showed that noise can lead to false positives and missed detections in the 
processed image, but that this can be avoided by using a minimum SNR of 10 dB. In our 
experimental works in the lab, this value of SNR requires a transmitted signal power of -
10 dBm, which is well within the recommended safety limits. The experimental results 
agreed well with the simulations.     
In addition, an initial monitoring system was designed to distinguish the two types of stroke 
via simulation. The system uses the TSA and coupling medium that were designed for the 
head scanning system. Initial investigations showed encouraging results on the ability of 
the system to distinguish haemorrhagic and ischaemic strokes at certain frequencies.   
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Chapter 7 Microwave Imaging Systems Using 
Radio over Fibre-Optic Link 
7.1 Introduction 
The previous chapters have reported the design, fabrication and testing of microwave 
imaging systems. This work included the design and development of the main components 
in such a system, namely, the antennas, scanning system, artificial phantoms and other 
hardware. To transmit the microwave signal from the transmitter to the antenna and 
receive the backscattered signals from the antennas, high quality coaxial cables are used. 
Coaxial cables have been used in many different applications worldwide such as 
communication and broadcasting. The ability of coaxial cables to transmit and receive 
microwave signals with broad bandwidth, low attenuation and high isolation is well 
established. However, coaxial cables have a serious disadvantage which is high 
attenuation at microwave frequencies [129, 130].The principle of microwave imaging 
systems is to generate images from the backscattered signals received from the imaged 
body using suitable imaging algorithms. Any small amount of insertion loss at the coaxial 
cable will lower the level of scattered signals and embed clutter and noise. This will result 
in reducing the dynamic range of the imaging system significantly. This is a critical issue in 
designing a microwave imaging system because systems with low dynamic range produce 
inaccurate detections. In addition, the insertion loss of the coaxial cables vary across the 
interesting bandwidth and results in adding extra noise to the link when transferring the 
data from frequency domain to time domain to generate the images. Optical link also offers 
a stable and very low insertion loss across the designer frequency band.    
Another important issue in developing a microwave imaging system for clinical purposes is 
that the system should be portable, which means it should have a compact size and be 
lightweight. For example, in the head microwave imaging system developed in Chapter 6, 
16 coaxial cables are used to transmit the signals to the antennas and receive the 
backscattered signals from the antennas. The analysis of the images generated by this 
system indicates that increasing the number of antennas increases the image resolution 
and improves the quality of the images. However, this would mean that bulky cables are 
used, creating a heavy system to be installed on the patient’s head. In order to increase 
the dynamic range and reduce the weight, the adoption of an analog fibre-optic link to 
transmit and receive the signals in the microwave imaging system can be considered. 
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Replacing 16 coaxial cables with a single fibre bundle weighing less than one coaxial 
cable appears to be an attractive and practical solution.  
Fibre-optic links are mainly used for digital communications; however, researchers have 
been exploring the wider use of fibre-optic links to transmit analog signals due to their 
advantages of UWB and low attenuation even for very long distances [130-132]. The fibre-
optic link is considered to be a viable alternative to coaxial cables for applications seeking 
low loss for long distances and lightweight and flexible cables.  
This chapter presents the design of a transmission link employing microwave frequency 
signals over an analog fibre-optic link to replace the coaxial cables in microwave imaging 
systems, with the head microwave imaging system used as an example. The parameters 
of the design are calculated to be used in the head microwave imaging system. A simple 
link is also built and tested via experiment to verify the possibility of using this link in 
microwave imaging system. The main aim of using this type of link is to reduce the high 
attenuation, which results in improving the image quality, and to reduce the weight of the 
designed head microwave imaging system. 
 
7.2 Analog Radio Frequency over the Fibre-Optic Link 
A basic analog optical link consists of a transmitter device that is used to transfer the radio 
frequency (RF) or microwave signal to a receiver via a fibre-optic link. At the transmitter 
side, a modulation device is used to convert the electrical signal into an optical signal. This 
signal is then sent through a fibre-optic transmission line to the receiver side. At the 
receiver side, a demodulation device (photodetector) converts the optical signal back to its 
RF or the microwave signal equivalent. A simple scheme of the analog optical link design 
is shown in Figure 7.1. 
 
Figure 7.1: Schematic of an analog microwave photonic link [133] 
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7.3 Components of an Analog Optical Link 
7.3.1 Fibre-Optic Sources 
Different types of semiconductor laser diodes are used to generate carriers for analog 
optical link design, such as the Fabry-Perot (FP) laser, the distributed feedback diode 
(DFB) laser, the vertical cavity-surface-emitting laser (VCSEL) and the tunable laser. Their 
wavelengths vary from about 800 nm to 1600 nm. These diode lasers are available in both 
chips and packages and each has its own advantages and disadvantages. 
The FP laser spectrum consists of a comb of wavelengths in the gain region and it has a 
relatively broad spectrum making it popular for a short transmission distance. The 
fabrication process is simple and relatively low cost. Typical geometrical sizes of the FP 
laser chip are 1000 µm x 500 µm x 200 µm (length x width x height). It operates in a 
longitudinally single mode or multi-mode depending on the length of the chip. This type of 
laser can be used for less demanding systems.  
DFB lasers have a single longitudinal mode of operation, narrow line width (typically 0.1– 
0.2 nm) and are less temperature-sensitive than other lasers which allows them to be used 
for long-distance, high-bandwidth, low noise and high dynamic range transmission path 
systems. DFB lasers are used in analog systems for their linearity of response. The 
procedure used to fabricate this type of laser is complicated compared to the FP, resulting 
in higher cost. Typical geometrical sizes of the DFB laser chip are 4000 µm x 500 µm x 
200 µm (length x width x height).  
VCSEL is a promising candidate for a wide range of applications. It has a single 
longitudinal mode of operation in the optical spectrum, low operating current, moderate 
optical power, and a high modulation capability of up to 10 GHz. A massive production of 
this type of laser makes it very cheap. VCSELs have extensive applications in fibre-optics 
communication, especially in short-distance communications. 
Tunable lasers are used for many different applications in diverse fields such as 
interferometers, fibre-optic sensors, spectroscopy, and fibre-optic communications. The 
emission wavelength of this kind of laser can be tuned within a given spectral range. In 
particular, tunable lasers have played a crucial and sustained role in advancements in 
fundamental physics and science. Figure 7.2 presents images of the different types of 
lasers.  
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                                   (a)                                                                         (b) 
 
(c) 
Figure 7.2: Images of (a) FP laser, (b) A1612P DFB laser, and (c) VCSEL [134-136] 
 
7.3.2 Fibre-Optic Cables 
There are different types of fibre-optic cables that can be used to build an optical link, 
namely, the step-index single mode, step-index multiple mode, and graded-index cable. 
Fibre cables can operate over several kilometres with low attenuation and wide bandwidth. 
Each type of fibre cable has its own characteristics and usage. The step-index single 
mode cable has a narrow core up to eight micrometre in diameter. It can be used 
efficiently for transmission over a long distance such as for telephone and television 
networks. The step-index multiple mode cable has a core diameter that is larger than the 
single mode by up 100 micrometre, which causes the light to travel through the fibre in 
multiple paths. This type of fibre suits applications that need wide bandwidth and cover a 
short distance. The graded-index cable contains a core in which the refractive index 
diminishes gradually from the centre axis out toward the cladding.  
The performance of a fibre-optic cable in the transmission system depends on parameters 
among which the most important are the attenuation and dispersion. The power loss in 
fibre-optic cables results from absorption and scattering at a specific transmission 
wavelength and is expressed in dB/km.  
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Different types of optical connectors are used for each type of fibre-optic cable. They 
connect the end of a fibre-optic cable to the light source and photodetector. Some 
common types of connectors are the fibre channel (FC), standard connector (SC), local 
connector (LC), and mechanical transfer (MT) array. Each connector type has its own 
specification depending on the application of use. For example, ST connectors can be 
considered a good choice for field installations as they offer excellent packing density, and 
resist fibre contact damage during the unmating and remating cycles. The FC connector 
has a floating ferrule that provides good mechanical isolation. Figure 7.3 shows the 
common types of fibre-optic connectors.  
 
                  
          SC connector                           FC connector                  LC connector      
Figure 7.3: Common types of fibre-optic connectors [137] 
 
7.3.3 Analog Optical Modulators 
The first stage in the analog link is the modulation stage where the analog signal is 
modulated into an optical signal. Two main types of modulation schemes are used to 
generate and transfer the microwave signal over fibre, namely, direct modulation and 
external modulation. Each of these types has its advantages and drawbacks.  
In the direct modulation-based analog fibre-optic link, various types of semiconductor 
lasers (such as the VCSEL and FP and DFB lasers) are used to achieve the modulation 
depending on the required bandwidth, the optical wavelength and the efficiency of the 
designed link. In direct modulation, the signal is modulated directly by changing the laser 
current to cause the change in the intensity of the laser output. This type of modulation has 
the advantages of being low cost, compact and simple.  
In the case of external modulation, the laser operates at a constant optical power and a 
separate device is used to obtain the required intensity modulation of the optical carrier. 
An external field is used to change the refractive index of some of the materials such as 
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lithium niobate, indium phosphate and gallium arsenide. In this type of modulation, the 
signal can be modulated using two main technologies: the Mach-Zehnder Interferometer 
(MZI) and the electro-absorption (EA) modulator. 
The MZI consists of a photonic integrated circuit-based interferometer in which the optical 
path length can be adjusted using one or more electro-optical effects. By changing the 
length of one of the optical paths in the interferometer, the applied light is modulated. In 
terms of modulator-related distortion, it has sinusoid behaviour as a function of an applied 
voltage. However, in terms of stability, this modulator can drift from its quadrature point at 
the constant bias voltage level due to the surface charging effect. Most MZI modulators 
are built of lithium niobate, which has a transparency wavelength range of 330–5500 nm. 
The modulator has maximum optical power of approximately 25 dBm [138]. 
The EA modulator has a small size, a better on-off ratio and easier integratability 
properties compared with the MZI. However, it has a limited maximum optical input power 
level, in the order of 10 dB lower than the level of the power in the MZI. EA modulators use 
one or more electro-optical effects for absorbing the applied light; by adjusting the amount 
of bias voltage, the absorption level can be adjusted and modulated. The slope of the 
absorption vs voltage characteristic is nonlinear, resulting in a bias voltage-dependent 
slope efficiency. The electro-absorption properties of an EA modulator are optimal for 
wavelengths close to the bandgap. As a result, the insertion loss of the modulator will 
strongly increase at shorter wavelengths, causing a limitation of the operational 
wavelength.  
 
7.3.4 Photodetectors 
To convert the optical signal into an RF signal at the receiver side, various types of 
detectors are used such as the semiconductor p-intrinsic-n (PIN) photodiode and 
avalanche photodiode (APD). Generally, silicon and indium gallium arsenide (InGaAs) are 
used to fabricate these devices and the type of fabrication material determines the 
wavelength of the photodiode. InGaAs photodetectors have a wavelength range of 110–
1700 nm, while Si photodetectors have a wavelength range of 400–1100 nm. The common 
properties of semiconductor photodetectors are high reliability and low cost. 
PIN photodiodes are the most common detectors in optical systems. They can be 
fabricated from different materials such as silicon, germanium and InGaAs. The 
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advantages of the PIN photodiode are efficiencies in high power and bandwidth, small 
diffusion current and small reverse bias voltage.  
The APD is a special type of PIN photodiode with internal gain and excellent linearity over 
a wide range of optical power. This type of photodiode can usually be found in long-haul 
communication systems. Compared with the PIN photodiode, it shows better sensitivity 
and wider bandwidth; however, it requires a very high and stable power supply and 
involves high fabrication cost. It is also temperature-dependent; when the temperature 
increases, the gain decreases. Therefore, for applications with a high temperature, 
temperature stabilisation is required. Figure 7.4 illustrates these two types of 
photodetectors.  
                      
      (a)                                                   (b) 
 
Figure 7.4: Images of (a) PIN photodiode, (b) APD [139]  
 
7.4 Microwave Fibre-Optic System Requirements 
In the present study, the main aim is to design and examine the feasibility of using an 
analog optical link to transmit and receive signals between the microwave source and the 
antenna in a microwave imaging system. In the design, the transmission distance of the 
link can determine the type of transmitter that can be used successfully. For the short and 
intermediate distance, the transmitter section depends on the direct modulation process to 
modulate the signal; while for the long distance; external modulation is more satisfactory. 
For a transmission distance in the range of tens of metres, low-cost VCSELs are suitable 
and for longer distances, DFB lasers are recommended [140]. For the microwave imaging 
systems designed in this thesis, a transmission distance in the range of 5–20 m is needed. 
In this case, VCSELs will be a better choice. However, to improve the characteristics of the 
designed link, the other light sources are needed.   
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In order to design a successful link for the imaging systems, different parameters have to 
be taken into account. As the backscattered signals are received from the antenna at a 
very low power, noise is considered to be an important parameter to be calculated. 
Microwave imaging systems can be used for different applications such as breast cancer 
and brain stroke detections and each of these applications has a different bandwidth 
range. Therefore, it is necessary to determine the bandwidth of the link. The dynamic 
range is also an important parameter to be calculated. In addition, the power link gain and 
power budget have to be calculated for a successful analog fibre-optic link. 
 
7.4.1 Link Gain 
The link gain (𝐺) defines the amount of RF signal delivered when transferred via an analog 
fibre-optic link. This gain can be expressed as follows [141]: 
𝑮 (𝐝𝐁) = 𝟐𝟎 𝐥𝐨𝐠(𝑺𝑬𝑹𝟎) − 𝟐𝑷𝑳𝒔 + 𝟏𝟎 𝐥𝐨𝐠 (
𝒓𝒍
𝒓𝒔
)                                 (7. 1) 
where 𝑆𝐸 is the slope efficiency; 𝑅0is the responsivity; 𝑃𝐿𝑠is the optical loss; 𝑟𝑠is the input 
resistance in (Ω) for the transmitter including the laser matching resistance; and 𝑟𝑙is the 
output resistance in (Ω) for the receiver including the load resistance. 
The link gain depends on the slope efficiency and the responsivity for external modulation, 
and the slope efficiency depends on the optical power of the link. Therefore, applying a 
high power laser improves the gain of the link. In direct modulation, both the responsivity 
and slope efficiency are constant for the manufactured device. Therefore, the gain of the 
link can be adjusted only by using a different type of laser and/or detector [133, 141, 142]. 
 
7.4.2 Link Power Budget 
To determine the power budget analysis between the optical transmitter and the minimum 
receiver sensitivity, the power margin has to be calculated. From this margin, the 
connector loss and any other component used to design the link can be calculated. This 
helps in choosing the correct components that can be used to design the link. Figure 7.5 
shows the hypothetical point-to-point link. It consists of a transmitter side, receiver side 
and connectors at each end of the link. The optical power at the photodetector depends on 
the amount of light coupled into the fibre and the losses incurred along the path resulting 
from each component installed on the link. The loss in the link is calculated as follows: 
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𝐋𝐨𝐬𝐬 = 𝟏𝟎 𝐥𝐨𝐠
𝐏𝐨𝐮𝐭
𝐏𝐢𝐧
                                                                                        (7. 2) 
where 𝑃𝑜𝑢𝑡and 𝑃𝑖𝑛are the optical powers exiting and entering the link. 
The optical signal loss (𝑃𝐿𝑠) is simply the sum of all the losses along a link including the 
number of connectors, fibre cables and any other link elements that are included in the 
link: 
𝑷𝑳𝒔(𝒅𝑩) = 𝑷𝑳𝒇 𝒄
+ 𝑵 𝑷𝑳𝒄  + 𝑷𝑳𝒆                                                                 (7. 3) 
𝑷𝑳𝒇 =  𝜶𝑳                                                                                                         (7. 4) 
where 𝛼 is the fibre attenuation dB/km; 𝐿 is the length of the fibre in km; 𝑷𝑳𝒇  is the loss 
resulted from the length of the cable, 𝑷𝑳𝒄  is the connector loss; 𝑁 is the number of 
connectors; and 𝑃𝐿𝑒 is the loss in other elements in the link. 
The power budget (𝑃𝑃𝐵) is defined as the difference between the power from the light 
source (𝑃𝑆) and the photodetector sensitivity (𝑃𝑅) and can be calculated as follows [143]: 
𝑷𝑷𝑩 = 𝑷𝑺  − 𝑷𝑹                                                                                                 (7. 5) 
The optical power budget (𝑷𝒐𝒑𝑩) is indicative of the amount of optical power available 
beyond all sources of loss and can be found as follows: 
𝑷𝒐𝒑𝑩 = 𝑷𝑷𝑩 −   𝑷𝑳𝒔                                                                                      (7. 6) 
 
 
Figure 7.5: Hypothetical point-to-point link with a connector at each end 
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7.4.3 Bandwidth Budget 
To design an effective analog fibre-optic link for a specific application, it is necessary to 
determine the bandwidth budget of all the components of the link including the source, 
fibre and detector. The range of modulation frequencies of the signal transmitted over the 
fibre-optic link are limited by the modulation bandwidth of the transmitter and receiver and 
the dispersion of the optical fibre. The limitation of the bandwidth in the link is defined as 
the frequency at which the microwave modulation response decreases by 3 dB. The 
components used to design the link follow a manufacturing datasheet providing 
information either in terms of the bandwidth or rise time (𝑡𝑟 ) which characterise the 
component. 
The rise time of an optical source is defined as the time needed to change the output 
power from 10% to 90% of its steady value. Figure 7.6 shows the rise time of the output 
signal of a generated input optical signal. The 3 dB electrical bandwidth (𝐵) of an optical 
source (related to the rise time) is calculated as follows [140, 143]: 
𝑩(𝑴𝑯𝒛) =  
 𝟑𝟓𝟎
𝒕𝒓(𝐧𝐬)
                                                                                      (7. 7) 
 
 
Figure 7.6: Rise time of an optical source 
 
Generally, in any fibre-optic analog link, the main components in the link are the light 
source, fibre cable and photodetector. The rise time of this link is determined as follows 
[138]: 
𝒕𝒓𝑳
𝟐 =  𝒕𝒓𝑳𝑺
𝟐 +  𝒕𝒓𝑭
𝟐 +  𝒕𝒓𝑷𝑫                                                                                                            
𝟐 (7. 8) 
where 𝑡𝑟𝐿is the rise time of the link; 𝑡𝑟𝐿𝑆 is the rise time of the light source; and 𝑡𝑟𝑃𝐷is the 
rise time of the photodetector. 
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The electrical bandwidth of each component can be calculated individually to find the 
bandwidth of both the transmitter and the receiver using Equation (7.7). 
 
7.4.4 Link Noise 
For a system employing the RF-over-fibre analog link, noise is an important parameter in 
finding the limitation of that system. The main sources of link noise are the laser relative 
intensity noise (RIN), detector quantum shot noise, thermal noise and additional noise 
contributions that may be calculated if an amplifier or any other component is embedded in 
the link. 
RIN is an unwanted optical intensity noise associated with the single mode or multi-mode 
laser, which results from random intensity fluctuations of the laser output power. This kind 
of noise is more significant for high-frequency links for than low-frequency links. This 
optical intensity noise at the transmitter side is then converted into electrical noise at the 
receiver side by the photodetector. The temperature variation or spontaneous emission 
contained in the laser causes these fluctuations [140, 144, 145]. RIN is specified in dB/Hz 
and the quality of the laser device can be indicated by a RIN measurement, where the 
higher value of RIN leads to higher power penalty and a more noisy laser device [140]. 
Considering a laser emitting an average power (𝑃), a photodetector having responsivity of 
𝑅𝑜 with receiver bandwidth (𝐵), then the average photodetector current will be 𝑅𝑜 𝑃 and 
the square of the noise current is calculated as follows [143]: 
𝒊𝑹𝑰𝑵
𝟐 = 𝑹𝑰𝑵 𝑹𝒐 𝑷 𝑩                                                                                      (7. 9) 
The noise resulting from 𝑅𝐼𝑁(𝒏𝑹𝑰𝑵) can be expressed as follows: 
𝒏𝑹𝑰𝑵 = 𝑹𝑰𝑵  (𝑹𝒐 𝑷)
𝟐 𝑩                                                                                  (7. 10) 
where 𝑅𝑜: is the responsivity of the photodetector, and 𝑃 is the average received optical 
power.  
The second source of noise is the quantum shot noise (𝒏𝒔𝒉𝒕), which results from the 
photoelectric effect when the optical signal arrives at the receiver side and a number of 
electron-hole pairs are generated in the photodiode. These electron-hole pairs produce a 
photocurrent when separated by the inverse bias voltage. The quantum shot noise can be 
calculated as follows: 
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𝒏𝒔𝒉𝒕 = 𝟐 𝒒(𝑹𝒐 𝑷)𝑴
𝟐 𝑭 𝑩                                                                              (7. 11) 
where 𝐹 is the associated noise figure (𝐹 = 1 for the PIN photodiode); 𝑞 is the electron 
charge; and 𝑀 is the photodetector gain (𝑀 = 1 for the PIN photodiode). 
The third source of noise is thermal noise (𝒏𝒕𝒉), which results from the resistance of the 
photodetector and any other RF amplification at the receiver side and from the laser 
resistance at the transmitter side. The thermal noise can be expressed as follows: 
𝒏𝒕𝒉 =
𝟒 𝒌 𝑻
𝒓𝒍
 𝑩 𝑭𝒕                                                                                             (7. 12) 
where: 
𝑘 is Boltzmann’s constant 1.38054x10-23 J/K; T is the room temperature (290 K); 𝐹𝑡is the 
noise factor of the amplifier if there is an amplification step; and 𝐵: is the bandwidth. 
The input noise (𝑛𝑖𝑛) is the thermal noise that results from the match resistance load, while 
the output noise (𝑛𝑜𝑢𝑡) is the total noise that results from all sources of noise in the link. 
However, the higher level of any of these kinds of noise will dominate the other noise. In 
the direct modulation fibre-optic link, the RIN or shot noise will dominate. Generally, 
however, one of the three types of noise will dominate depending on the characteristics of 
the transmitter and receiver, which results in limiting the performance of the link. For a low 
loss, high performance system, the shot noise dominates [146], while the thermal noise 
dominates for low load impedance usually needed for high bandwidth system. When RIN 
dominates, the performance of the link cannot be improved unless the modulation index is 
increased. When shot noise dominates, increasing the optical power can improve the 
system performance. 
Some designs include the RF or optical amplification step; in this case, the effect of the 
noise that results from this step is added to the other sources of noise. For the analog 
fibre-optic link proposed in this chapter, a low noise power amplifier is used in the 
receiving link. This is used to increase the level of microwave signals scattered from the 
imaged body. The scattered signals suffer from high attenuation at the air–body interface, 
and high attenuation results from the high permittivity of the imaged objects; this leads to a 
very weak RF signal. Therefore, the level of this signal needs to be amplified to a sufficient 
level in order to operate the laser in the receiving link. The noise resulting from the 
amplifier mentioned in Equation (7.12) is expressed as follows [133]: 
 
 
180 
 
𝒏𝒊𝒏  =
𝟒𝒌𝑻
𝒓𝒔
𝑩    𝑭𝒕                                                                                            (7. 13) 
𝒏𝒐𝒖𝒕  = 𝒏𝑹𝑰𝑵 + 𝒏𝒔𝒉𝒕 + 𝒏𝒕𝒉                                                                            (7. 14) 
 
To analyse the performance of the link, it is useful to determine the ratio of the root mean 
square (RMS) carrier power to the RMS noise power at the input of the RF receiver, 
following the photodetection process. The typical value of the carrier-to-noise ratio (CNR) 
needed for analog data when amplitude modulation is used is a high CNR of about 56 dB, 
while low CNR is required when frequency modulation is used. 
To calculate the CNR from the three main sources of noise, the first step is to find the 
carrier power. The signal is generated at the transmitter side as shown in Figure7.7. The 
drive current through the optical source is the sum of the fixed bias current and a time-
varying sinusoid (the signal). The source acts as a square-law device, so that the envelope 
of the output optical power 𝑃𝑡 has the same form as the input drive current [140]. 
 
Figure 7.7: Biasing  condition of a laser diode and its response to analog signal modulation 
[140] 
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The optical modulation index (𝑚) has a range of (0.25–0.5) for analog applications and can 
be defined as follows: 
𝒎 =
𝑷𝒑𝒆𝒂𝒌
𝑷𝒕
                                                                                                        (7. 15) 
where 𝑃𝑝𝑒𝑎𝑘 is the peak power, and 𝑃𝑡 is the optical power at the bias current level.  
For the sinusoidal received signal, the carrier power (𝐶) at the output of the receiver can 
be determined as follows [140, 147]: 
𝑪 =  
𝟏
𝟐
(𝒎 𝑹𝒐𝑴 𝑷)
𝟐                                                                                         (7. 16) 
The overall CNR results from all types of noise and is calculated for the three types of 
noise as follows: 
𝑪𝑵𝑹 = 𝑪𝑵𝑹𝑹𝑰𝑵  + 𝑪𝑵𝑹𝒔𝒉𝒕  +  𝑪𝑵𝑹𝒕𝒉                                                        (7. 17) 
𝑪𝑵𝑹 =
𝟏
𝟐
(𝒎 𝑹𝒐𝑴 𝑷)
𝟐
𝑹𝑰𝑵 (𝑹𝒐𝑷)𝟐 𝑩 + 𝟐 𝒒 𝑰𝒑 𝑴𝟐 𝑩 +  
𝟒 𝒌 𝑻
𝒓𝒍
 𝑩     
                            (7. 18) 
Another important parameter for the RF photonic link is the noise figure (NF), which is a 
measure of the degradation of the CNR caused by a practical device. The ratio of the CNR 
of the input to the CNR of the output defines the NF. In direct modulation-based links, NF 
is dominated by the noise resulting from the RIN or shot noise [148]. The minimum value 
of the NF is 0 dB when the CNR of the output is equal to the CNR of the input. The value 
of the NF can then be expressed from the gain as follows [133]: 
𝑵𝑭 = 𝟏𝟎 𝐥𝐨𝐠 (
𝑪𝑵𝑹𝒐𝒖𝒕
𝑪𝑵𝑹𝒊𝒏
)    = 𝟏𝟎 𝑳𝒐𝒈 (
𝒏𝒐𝒖𝒕
𝑮 𝒏𝒊𝒏
)                                           (7. 19) 
where 𝑛𝑖𝑛 = 𝑘 𝑇0  and  𝑇0 = 290 K 
Substituting the three types of noise in Equation (7.19) results in: 
𝑵𝑭 = 𝟏𝟎 𝑳𝒐𝒈 [𝟏 +  
𝑰𝑫
𝟐  𝑹𝑰𝑵 𝑹𝑫
𝒌 𝑻𝟎 𝑳𝑮
+  
𝟐 𝒒 𝑰𝑫𝑹𝑫
𝒌 𝑻𝟎 𝑳𝑮
+  
𝟏
𝑮
]                                 (7. 20) 
where 𝑅𝐷 is the resistance of the detector. 
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7.4.5 Dynamic Range 
Nonlinearity is one of the parameters necessary to evaluate an analog fibre-optic link 
model and results in the generation of harmonic intermodulation distortion components. 
The amplifier step and the source module of the link generate the non-linearity. For the 
direct modulation-based system, the optical power, modulation index and the noise level 
are the main parameters to calculate the dynamic range. The laser is the source in this 
type of modulation; therefore, the linearity of the laser limits the modulation index. 
Increasing the level of the optical power and modulation index and decreasing the noise 
level will improve the dynamic range. Another way to improve the dynamic range of the 
link is by using external modulation. 
For the RF fibre-optic link, the RF output power is a function of the modulation index and 
power loss [146]: 
𝑷𝑹𝑭 =  
𝟏
𝟐 
(𝒎 𝑹𝟎)
𝟐 (𝑷 𝟏𝟎−
𝑷𝑳𝒔
𝟏𝟎 )
𝟐
𝒓𝒍                                                               (7. 21) 
where𝑃𝑅𝐹 is the RF output power. 
The dynamic range is a function of the optical power loss, and a long fibre cable will 
increase the loss and reduce the dynamic range. The RF fibre-optic link designed in this 
chapter is to be used for medical applications, where there is no effect from the fibre cable 
length. Therefore, only the performance of the other components in the link will affect the 
dynamic range. The dynamic range is calculated as follows: 
𝑫𝑹 (
𝒅𝑩
𝑯𝒛
) =   𝟏𝟎𝑳𝒐𝒈( 
𝑷𝑹𝑭
𝑷𝒏𝒐𝒊𝒔𝒆
   )                                                                     (7. 22) 
𝑷𝒏𝒐𝒊𝒔𝒆 = 𝑷𝒔𝒉𝒕 + 𝑷𝒕𝒉  + 𝑷𝑹𝑰𝑵                                                                            (7. 23) 
7.5 Design of a Microwave Imaging System Using an Analog 
Fibre-Optic Link 
Microwave imaging systems can be designed to work in monostatic mode, bistatic mode 
and multistatic mode. These modes of operation are used to collect the scattered signals 
depending on the designed system and the algorithms that are used to process the data 
and generate images. In the bistatic mode, one antenna is used as a transmitter and 
another antenna as a receiver, whereas in the monostatic mode the same antenna is used 
as the transmitter and receiver. The configuration of bistatic mode used to design a 
 
 
183 
 
microwave imaging system employing an analog fibre-optic link is shown in Figure 7.8 . 
The configuration of the microwave imaging system that uses the monostatic mode of 
operation is shown in Figure 7.9. In this case, as shown in the figure, a circulator is needed 
to switch from the transmitted signal to the antenna and from the received backscattered 
signal to the object. The circulator is a three or four port microwave device used to switch 
between the signal entering one port to the next port in rotation. The microwave signal 
enters port one and is sent to the antenna through port two. The scattered signal received 
from the imaged object is then received at port three and sent back to another analog 
fibre-optic link. A wide bandwidth circulator is required to cover the bandwidth of the 
designed imaging system. In the receiving link, a preamplifier step is needed for both 
modes of operation in order to increase the level of the scattered signal to operate the 
laser. 
 
Figure 7.8: Analog fibre-optic link for bistatic mode of operation in the microwave imaging 
system 
 
Figure 7.9: Analog fibre-optic link for monostatic mode of operation in the microwave 
imaging system 
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7.6 Design of Analog Fibre-Optic Link 
There are many different commercially available RF-over-fibre modules including 
individual transmitters and receivers, or transceivers that include both the transmitter and 
the receiver in the same package. These links simply replace the coaxial cables of current 
microwave systems offering a significant improvement in transporting and receiving the RF 
signals. However, the commercial products for RF-over-fibre modules are mainly designed 
for long distance applications and are expensive, the transmitting or the receiving unit cost 
around $ 2,350.00. The microwave imaging systems developed for medical applications 
are usually used at short transmission distances; and providing a low-cost link with high 
performance is the main concern in designing such systems. Therefore, for cost-effective 
design, an RF-over-fibre link built from individual components will be cheaper and more 
suitable for the specific applications. External optical modulation offers very good 
performance; however, it is generally an expensive option. Therefore, a direct modulation 
technique is the best option to design a simple and low-cost RF-over-fibre link for the head 
microwave imaging system. 
 
7.7 Direct Modulation-Based Fibre-Optic Link 
The configurations of the microwave imaging systems shown in Figures 7.8 and 7.9 use 
direct modulation and resistively matched (50 Ω) components. The primary requirements 
for this type of microwave imaging system are that it has a wide bandwidth, high signal-to-
noise ratio, and wide dynamic range. The equations provided in Section 7.5 are used to 
calculate the relevant parameters that are needed to build the link including the link gain, 
power budget, bandwidth budget and CNR. 
The components for the designed link are chosen to cover the bandwidth of 1–4 GHz for 
the head microwave imaging system. The light sources used to design the link are a 10 
gigabyte per second (GBPS) 850 nm VCSEL and FP 1310 nm laser diode located at the 
transmission end. Fibre-optic cables are used to transfer the data to the receiver (Rx) end 
with 0.4 dB/km and 0.2 dB/km losses, respectively. A 10 GBPS 850 nm photodetector and 
a 2.5 GBPS 1310 nm PIN photodetector are used at the receiver end with connectors at 
both sides of the link. The loss for most adhesive/polish connectors is 0.3 dB. Table 7.1 
shows the manufactured characteristics of these components. Data on the manufacturer's 
specifications for the link components were available from the Finisar Corporation [149]. 
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For the transmission links, the power budget, link gain, bandwidth budget, link noise and 
dynamic range are calculated for the monostatic mode of operation of the microwave 
imaging system. Table 7.2 shows the results of the calculated parameters. For this mode, 
an RF-circulator number CS-1.400 with 0.2 dB insertion loss is used. The circulator has a 
bandwidth of 0.8–2.2 GHz. This band does not cover the whole bandwidth of the designed 
head imaging system. However, the actual band used for good penetration inside the head 
tissues is 1–2 GHz. In addition, it is possible to design a circulator to cover a wideband of 
interest [150, 151]. 
 
Table 7-I: Electro-optical characteristics 
 
Parameter 
 
850 nm VCSEL 
 
1310 nm FP 
Optical output power (mW) 2 2.5 
Slope efficiency (mW/mA) 0.6 0.1 
Rise/Fall time (ps) 40 140 
Relative intensity noise (dB/Hz) -130 -125 
Source resistance (Ω) 50 50 
 
Parameters 
 
   850 nm PIN 
 
  1310 nm PIN 
Sensitivity (dBm) -16 -23 
Responsivity (A/W) 0.6 0.9 
Rise/Fall time (ps) 30 80 
Load resistance (Ω) 50 50 
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For the receiving link, the scattered signal has a very low power level because of the high 
reflection at the air–body interface and the high permittivity of the imaged body. Therefore, 
a low noise power amplifier is needed before the laser in this link. This is to increase the 
level of the signal to satisfy the input power required to operate the laser. To calculate the 
parameters of the receiving link, a low noise power amplifier model (ZX60-33LN+) is used. 
This amplifier model works across the 0.05–3 GHz band with 15 dB gain and low NF of 1.1 
dB. Table 7.II shows the calculated parameters of the receiving link for both modes of 
operation.  
 
Table 7-II: Calculated parameters of the transmission link 
 
Parameter 
 
850 nm VCSEL+850 nm PIN 
 
1310 nm FP+1310 nm PIN 
𝑃𝐿𝑠 (dB) 1.2 1.2 
Link gain (dB) -7.4 -22 
𝑃𝑃𝐵 (dB) 19 25.8 
𝑃𝑜𝑝𝐵(dB) 17.8 22.6 
Tx bandwidth (GHz) 8.75 2.5 
Rx bandwidth (GHz) 11.6 4.375 
𝑚 0.5 0.5 
𝐶𝑁𝑅𝑅𝐼𝑁(dB) 21.5 21.9 
𝐶𝑁𝑅𝑠ℎ𝑡(dB) 32.4 43.8 
𝐶𝑁𝑅𝑡ℎ (dB) 48 58.9 
𝑛𝑅𝐼𝑁(dB) -89 -83.9 
nsht(dB) -99.9 -105.8 
𝑛𝑡ℎ (dB) -115.5 -120 
𝑁𝐹 21 43 
DR (dB) 9 10.4 
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7.8 Results and Discussion 
The calculated parameters of the transmission link (Table 7.II) present useful indicators on 
the relative performance of the VCSEL and FP laser. The gain of the link is -7.4 dB for the 
link using the VCSEL and -22 dB for the link using the FP laser. It is clear that the gain for 
the link using the VCSEL is better than the gain for link using the FP, and as already 
mentioned the FP laser is most useful for long distances. The optical power budget is 
positive for both types of links (17.8 dB and 22.6 dB, respectively). This means sufficient 
power is available to compensate for losses, and indicates that there is sufficient optical 
power for both types of links. 
The link loss 𝑳𝒔 results from both the connectors and the length of the link. Since the 
designed fibre-optic link has a length in the range of 5–20 m, the loss resulting from this 
length is very small and can be overlooked. Therefore, the entire loss in the link results 
from the connectors. In monostatic mode, the 𝑳𝒔 is 1.2 dB for both links using the VCSEL 
and FP laser. In bistatic mode, the insertion loss of the circulator is added to the loss of the 
link. For the circulator used in these calculations, the loss is equal to 0.2 dB, so the 𝑳𝒔 is 
1.4 dB for the bistatic mode. From these results, it is concluded that the loss is very low in 
the designed links.   
For the head microwave imaging system designed in Chapter 6, the actual bandwidth 
required for good penetration through the head tissues is in the range of 1–2 GHz. 
However, the system is designed to work efficiently across the band of 1–4 GHz for high-
resolution images. Therefore, the bandwidth of the transmitter and receiver of the fibre-
optic link is chosen to cover this band. For the transmission and receiving links using the 
850 nm VCSEL light source and the PIN photodiode, the bandwidths for the transmitter 
and receiver are equal to 8.75 GHz and 7 GHz, respectively. It is clear that the bandwidths 
cover the required frequency band of 1–4 GHz for the designed head imaging system. For 
the transmission and receiving links using the 1310 nm FP light source and PIN 
photodiode, the bandwidths for the transmitter and receiver are equal to 2.5 and 4.375 
GHz, respectively. The results indicate clearly that the bandwidths of the links cover the 1–
2 GHz bandwidth required for good penetration in the designed imaging system. The 
presented results show that the first link has better bandwidth than the second link. 
However, the second link still covers the actual bandwidth for efficient operation of the 
designed imaging system. 
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From the noise calculations, it is clear that the 𝒏𝑹𝑰𝑵 is dominant at the output with a value 
of -89 dB for the VCSEL and -83.9 dB for the FP laser design. The 𝒏𝑹𝑰𝑵 values indicate 
that it is better to use the VCSEL than the FP to build this link. The CNR calculation shows 
that both types of light sources can be used to design the link, with 𝐶𝑁𝑅𝑅𝐼𝑁 equal to 21.5 
dB and 21.9 dB for the VCSEL and FP laser, respectively. The NF for the link designed 
with the VCSEL is 21 and the NF for the link using the FP laser is 43. The dynamic range 
values of the VCSEL and FP laser are 9 and 10.4, respectively. These results indicate that 
the performance of the link designed with the VCSEL is better than the FP laser-based 
link.  
In the case of the receiving link, the scattered signal will be amplified by the low noise 
amplifier and then modulated to send through a transmission link equivalent to the 
transmitting link characteristics. The NF values of the receiving link are 23 dB and 45 dB 
for the VCSEL and FP laser systems, respectively. The effect of the amplifier noise is 
added to the calculation and this increases the level of the input noise; however, it is still 
within the safe range. In summary, the VCSEL system is the better of these two designs.  
In summary, for this type of application the VCSEL system is the better of these two 
designs. This type of laser the potential to provide a low-cost, wide bandwidth link. 
 
7.9 Measurement Set-Up 
In order to verify the use of the fibre-optic link in the developed microwave imaging 
system, an analog fibre-optic link is built from available components in the laboratory. The 
link is used to transmit signals to the antenna in the head microwave imaging system 
developed in Chapter 6. The mechanical facility of the system is used to collect data from 
16 positions by mechanically moving the head phantom. The schematic of this link is 
shown in Figure 7.10. The transmitter consists of a VCSEL (RVM665T) with an emission 
wavelength of 665 nm, a maximum output optical power of 1.2 mW and a modulation 
bandwidth of 3 GHz. The VNA used to generate the RF signal, a laser driver is used to 
drive the laser, and a bias tee is used to combine the RF signal with the DC signal from 
the laser driver. The output signal (RF+DC) is then sent to the laser and a collimator is 
used to couple the light to the fibre. The signal is sent to the receiver through the fibre-
optic cable. The receiver end consist of the D-100 photodetector with 1–3.5 GHz 
bandwidth, and the RF signal resulting from the photodetector is sent to the antenna 
through a circulator at Port #1. Port #2 of the circulator is connected to the antenna and 
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the backscattered signal from the antenna is received at port #3. A 23 dB power amplifier 
is used at the receiving link to increase the level of the received signal and send it again 
through another fibre-optic link. The collected data then saved in the VNA. 
 
Figure 7.10: Experimental set-up for the imaging system 
 
The return loss of the antenna is measured and the result is compared with the measured 
return loss using a coaxial cable. Figure 7.11 shows the measured return loss of the 
antenna. It is clear that the reflection coefficient is -10 dB across the designed frequency 
band, which is 1–2.75 GHz. However, the bandwidth could be improved by using a laser 
and detector that have a wider bandwidth.    
After verifying the characteristics of the antenna using the fibre-optic link, the imaging 
system is set up using the fabricated head microwave imaging system. In this set-up, one 
antenna is used to transmit and receive data, and a realistic head phantom is used as the 
object. The head model used in this experiment consists of the main tissues in the human 
head, namely, the CSF, grey matter, white matter, cerebellum and spinal cord [152]. The 
head is moved mechanically 22.5º at each step between 0–360º in order to collect the 
scattered signals from 16 positions. The distance between the antenna and the phantom is 
kept at 10 mm for all the positions. The received data are then used to generate the image 
using the proposed imaging algorithm explained in Chapter 6 (Section 6.8).  
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Figure 7.11: Measured reflection coefficient of the antenna 
 
In order to compare the resulting image with the images generated using coaxial cables, 
two different types of coaxial cables are used to collect the received data. The insertion 
losses of those two cables are measured and compared with the insertion loss resulting 
from the analog optic link, as shown in Figure 7.12. For the first coaxial cable, the insertion 
loss is -0.8 dB/m at 1 GHz and -2.5 at 2.8 GHz, while the second coaxial has a loss of 1.2 
dB/m at 1 GHz and -4.5 dB/m at 2.8 GHz. This is compared with the optical link that has a 
constant loss of 1.4 dB/km across the frequency band from 1–2.8 GHz. The coaxial cables 
are then used to transmit signals to the antenna and receive backscattered signals from 
the phantom; these data are then used to generate an image. This step is repeated using 
the second type of coaxial cable in order to generate another image. Figure 7.13 shows 
the generated images from the optical link and the two types of coaxial cables.  
The metric parameters are calculated for the imaging results of the three cases explained 
in this chapter in order to evaluate the accuracy of the developed optical link and compare 
the imaging results with those images that generated using coaxial cables. Table 7.I 
presents the calculated values of the 𝑄, and 𝛥(cm) parameters for the three cases. For the 
image results from using optical link, the image intensity as depicted by 𝑄 for is 1.8 times 
more than the intensity of the background and 𝛥 is 0.95 cm. For the images results from 
using the first coaxial cable, the intensity in the specific area of the tumor is 1.6 times more 
than the intensity of the background and 𝛥 is 1.2 cm. For the image generated using the 
second coaxial cable Q is 1.9 more than the intensity of the background. However, 𝛥 is 
 
 
191 
 
3.35 cm and this indicates that coaxial cable with high insertion loss fail to localise the 
position of the target.  
 
Figure 7.12: Insertion loss of the two types of coaxial cables 
 
 
7.14: Generated images using (a) analog fibre-optic link, (b) coaxial cable one, (c) coaxial 
cable two  
 
7-III: Quantitative metrics for the microwave images in Figure 7.13 
 𝑸 𝜟(cm) 
Optical link 1.8 0.95 
First coaxial cable 1.6 1.2 
Second coaxial cable 1.9 3.35 
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7.10  Conclusion 
This chapter presented an initial design of a fibre-optic link to overcome the high 
attenuation that occurs from the use of coaxial cables in the transmitting and receiving 
signals of microwave imaging systems. The fact that coaxial cables are frequency-
dependent and have higher attenuation than fibre-optic links, and the fact that fibre cables 
are lightweight, suggested that the analog fibre-optic link could be a better choice for 
developing a high resolution, portable and compact microwave imaging system for 
biomedical applications. For cost-effective design, the direct modulation technique was 
used to build both the transmitting and receiving optic links.  
A number of parameters that are typically used to evaluate fibre-optic links were calculated 
in this chapter in order to assess the feasibility of using this type of link in a microwave 
imaging system. These parameters were the link gain, link power budget, bandwidth 
budget, link noise and dynamic range. The calculations of the parameters showed that 
using the VCSEL as a light source in the design of the link is better than using the FP laser 
for this type of application. The link was built and tested using the head imaging system. In 
this experiment, data were collected using three different transmission links, namely, an 
optical link and two different types of coaxial cable. Images were generated from these 
data and the results were compared in order to evaluate the links. The results 
demonstrated that it is possible to design a high-performance, low-cost link and that this 
link can improve the quality of the designed microwave imaging system. 
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Chapter 8 Conclusion 
There has been a huge interest among researchers and practitioners in using microwave-
imaging techniques as alternative and more effective screening tools to produce images 
for medical applications, such as the detection of breast cancer and brain strokes. 
Microwave-based techniques offer low cost, portable, safe non-ionising radiation and 
comfortable imaging systems compared with the currently available imaging techniques. 
Ongoing research on this topic ensures that microwave imaging techniques will become a 
successful alternative imaging tool for medical applications.  
In this thesis, an experimental assessment of microwave imaging systems for breast and 
head imaging was presented. The design of these systems allows monostatic and bistatic 
radar imaging configurations. For each system, a suitable reconstruction algorithm was 
presented to image the object. 
In addition to the development of microwave imaging systems, the thesis made several 
other contributions in relation to the main components required to develop and test the 
proposed imaging systems, namely, compact antenna design, artificial phantoms, and 
coupling mediums. The UWB microwave radar technique was used and the confocal 
microwave imaging method was applied to verify the validity of the designed systems. The 
effect of the noise on the image quality was investigated using the head microwave 
imaging system. In addition, the possibility of using an analog over fibre-optic link instead 
of coaxial cables was investigated. That approach is necessary to improve the quality of 
the images by decreasing the attenuation in the received scatted signals from the imaged 
object.  
In the first part of the research in this thesis (Chapter 3),the design of a suitable antenna 
for imaging systems was presented taking into account the requirements for compact size, 
moderate to high gain with high radiation efficiency, minimal distortion performance in the 
time domain, high dynamic range and low profile. Different antennas were developed for 
the breast and head imaging systems. For the breast imaging system, the developed 
antennas covered the band from 3.1–10.6 GHz, while for the head imaging system the 
band was from 1–4 GHz. The antennas were tested via simulation and measurements to 
verify their characteristics before being used to develop the imaging systems.  
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The next part of the thesis (Chapter4) introduced the development of the other important 
components that can improve the microwave imaging systems, namely, the coupling 
medium and the artificial phantoms. The research included the dielectric measurement of 
some possible candidate materials that can be used in the fabrication of the coupling 
medium and artificial phantoms. Cost-effective and readily available materials were 
selected. Those materials were then used to develop a suitable coupling medium and the 
artificial phantoms needed to test the imaging systems. 
The major challenge in developing a coupling medium is that its permittivity should be 
close to the permittivity of the real tissue, with a low conductive loss. Two different 
coupling medium  were developed in this thesis for the breast and head imaging systems. 
Each coupling medium was designed to meet the requirements of the specific imaging 
system. Those types were then fabricated and tested for the designed system. The breast 
tissue is heterogeneous and comprises different tissues including fat lobes and fibro-
glandular lobes; however, most breasts contain abundant fatty tissues. For the breast 
imaging system, the permittivity of the selected coupling medium had a dielectric constant 
close to the normal breast tissue. For the head imaging system, the permittivity of the 
selected coupling medium was equal to the average permittivity of the soft tissues inside 
the head.  
Artificial phantoms for the breast and head were developed to test and verify the validity of 
the designed imaging systems before moving to tests on animals or human beings. The 
electrical properties (dielectric constant and conductivity) of those phantoms should closely 
emulate the properties of human tissues across the frequency band relating to specific 
applications. In addition, the artificial phantom should have a realistic shape and stable 
properties over long periods of time. For the breast imaging system, the developed breast 
phantom was heterogeneous, low density, and in a semi-rectangular shape in order to 
represent the real breast lying on a plastic plate for more accurate images when the planar 
imaging system is used. For the head imaging system, homogenous and heterogeneous 
head phantoms were designed.  
The design of a scanning system for breast cancer was presented (Chapter 5). The model 
was created using a planar antenna array including 6 x 2 UWB antenna elements in the 
form of compact size corrugated TSAs. In the proposed system, the breast phantom is 
placed on a plastic sheet and slightly compressed to give a semi-rectangular shape that 
assists accurate image reconstruction. Both the array and the phantom are immersed in a 
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coupling medium that has dielectric properties close to the normal breast tissues in order 
to increase the signal penetration, and thus, the dynamic range of the system. Different 
parameters were studied to quantify the effect of increasing the number of elements and 
their position in the array. Image reconstruction was undertaken in three different 
configurations: with a 6-element array, a 12-element array and an additional 90 rotation of 
the phantom. 
The design of a scanning system for brain stroke was presented (Chapter 6). It is a circular 
high-resolution microwave imaging system employing WB microwave signals. The system 
includes a semi-elliptical array of 16 antenna elements, an adjustable platform, data 
acquisition unit, head phantom, VNA and computer. The full design details of the scanning 
system were presented. In order to quantity the effect of changing the number of elements 
in the array, image reconstruction was undertaken by rotating the head phantom by certain 
angles. Another set of measurements was obtained, resulting in an increase in the number 
of antennas. The effect of noise on the ability of the system to detect brain stroke was 
verified via both simulation and measurements. 
The use of an analog over fibre-optic link instead of coaxial cables was investigated 
(Chapter 7). The mathematical calculations of the parameters needed to evaluate the 
possibility of transferring the microwave signal to the antenna with low loss were reported. 
An example of the link design and a comparison between losses in the optic and coaxial 
links were presented. The results showed that the loss introduced by this type of 
transmission line was lower than the loss from a coaxial transmission line. The link was 
also built and used to transmit signals and receive backscattered signals using the head 
imaging system. The resulted images were compared with the same images generated 
from the collected coaxial data. The results showed that the scattered signals collected 
from this type of link had more information than the signals from the coaxial links.  
The original contributions achieved from thesis results are the development of antennas 
that have high performance to meet the requirements of the proposed imaging systems. 
The development and fabrication of coupling medium and artificial phantoms that mimic 
the real tissues in the breast and head. Two different scanning system for medical 
application are developed including the design, development and fabrication of a planar 
scanning system to be immersed in a coupling medium for the breast cancer detection. 
The design, development and fabrication of a circular scanning system to be used to 
image the human head, and the development of an imaging algorithm to construct the 
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images from the developed systems are other novel contributions of this thesis. Finally, an 
optical link to transfer the microwave signal to the antenna instead of the coaxial cable is 
developed to overcome the high loss in the coaxial cable.   
 
8.1 Future Work 
In this thesis, some of the main challenges in designing a successful microwave imaging 
system for medical applications have been overcome. However, there are some remaining 
issues that can be gainfully addressed in future research in order to further improve the 
design of clinical microwave imaging systems. Therefore, the following lines of enquiry are 
recommended for future work:  
1. The phantoms used to test the imaging systems in this thesis still possess a 
simplified structure compared with the real human tissues. The possibility of using 
real human tissue or more realistic phantoms that can emulate the realistic human 
tissue to test the imaging systems is one of the potential areas that can be 
investigated to verify the ability of these systems to detect the target successfully.  
2. The breast imaging system presented in this thesis used the frequency band 
recommended by the US Federal Communications Commission (3.1–10.6 GHz); 
the head imaging system used the frequency band suggested by [37] (1–4 GHz). 
Further investigation into the frequency bands could determine the optimal 
frequency range for good penetration and increased image resolution.   
3. The coupling medium for the head imaging system was designed and tested via 
simulation; however, it would be difficult to immerse the human head in a coupling 
medium in order to test the system clinically. There is scope for future work to 
embed the designed antenna in a coupling medium to increase the dynamic range 
and improve the imaging system.  
4. The main concern in the detection of brain stroke is to distinguish the haemorrhagic 
stroke and ischaemic stroke as quickly as possible. The results on the head 
imaging system presented in this thesis can be applied as a guide to develop a 
microwave system that can be used in an ambulance to distinguish the types of 
stroke.     
5. In order to develop a portable compact microwave imaging system and increase the 
resolution of the generated images, it was hypothesised in this thesis that an analog 
over fibre-optic link could be used to transmit the electric signal from the source to 
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the antenna and to receive the backscatter. The initial study reported in this thesis 
demonstrated that the use of this link provides good dynamic range, low attenuation 
and compact size. These initial results might motivate the construction of a 
microwave imaging system that incorporates this type of link, with the image quality 
tested by comparing such a system with a system using coaxial cables. 
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